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ABSTRACT

In order to address the heterogeneous character of the Decatur terrane, the rocks that
occur within the easternmost San Juan Islands, Washington, are described and compared with
respect to lithology, metamorphism, and structure. Based on these observations, a local
structural and tectonic history is proposed.
The exposed bedrock in the south part of the study area (Guemes, Huckleberry, Hat,
Dot, and Saddlebag Islands) consists primarily of an arc-volcanic intrusive complex (diorite
with crosscutting mafic to felsic dikes) as well as ultramafic cumulates of dunite, Iherzolite,
and wehrlite. Most of the igneous rocks have no deformational fabric and are relatively
unmetamorphosed, containing only very low-grade veins of quartz, calcite, and prehnite.
These intrusive and ultramafic rocks are probably correlative with the Fidalgo Igneous
Complex of Brown (1977).
Highly deformed oceanic turbidites occur in the central and north part of the
study area (Jack, Eliza, and Samish Islands). These rocks consist of chert-rich lithicquartzofeldspathic metagraywacke with interbedded metasiltstone and phyllite, along with
minor intercalated metatuff. The metasedimentary rocks are all distinguished by the presence
of at least one well-developed deformational fabric, with textural zones ranging from TZ 2A
to TZ 3A-. Metamorphic minerals include abundant white mica, pumpellyite, prehnite, and
lesser actinolite. Ar/Ar ages of two white mica samples indicate a Late Jurassic to Early
Cretaceous age for the metamorphic fabric (-137 to -154 Ma). The Ar/Ar spectrum of white
mica from a third sample is interpreted to indicate a Carboniferous detrital age. Based on
their overall similarities in lithology, geochemistry, metamorphic minerals, metamorphic age,
and structure, the metasedimentary rocks are interpreted to represent part of a single terrane,
and the apparent age of the metamorphic fabric suggests that they may be equivalent to the
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westernmost Shuksan Suite, which lies to the immediate east of the study area (Gallagher,
1986; Gallagher and others, 1988).
Along the northeast shoreline of Guemes Island, there is a zone of intensely disrupted
and intermixed lithologies that appears to separate the metasedimentary (Shuksan-type?)
terrane to the north from the Fidalgo Igneous Complex to the south. This zone is interpreted
to be a possible terrane-bounding fault and at this location, the Fidalgo Igneous Complex
appears to lie structurally above the metasedimentary (Shuksan) package.
In spite of many similarities within the metasedimentary (Shuksan-type) rocks, there
are significant differences in fabric development and there appears to be an eastward and
southward increase in textural reconstitution, number of fabrics, and possibly metamorphic
age within the study area. Since this direction is also down the plunge of an inferred SEplunging regional antiform, this suggests that the earliest and most recrystallized rocks are
now at the structurally highest levels. Internal imbrication and structural inversion of a oncecoherent stack is proposed to explain this pattern.
An inferred structural history for the study area is as follows: (1) early
metamorphism, ductile deformation, and development of metamorphic fabric(s) within the
metasedimentary rocks during the Late Jurassic to Early Cretaceous (-137 to -154 Ma);
(2) juxtaposition of the metasedimentary package (Shuksan Suite) with the plutonic rocks
and ophiolite (Fidalgo Igneous Complex), probably during the Late Cretaceous thrust event
of Brandon and others (1988) and producing an early stage of (north- and east-vergent?)
thrust faults; (3) normal/extensional faulting (generally top-to west and south), which is
possibly related to uplift; (4) relatively late (Tertiary?) strike-slip faults and regional folds
about northwest-trending axes; (5) very recent (post-Tertiary?) folding about east-west
trending axes.
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Section I: INTRODUCTION

The San Juan Islands of northwest Washington are made up of a thick, imbricate stack
of diverse ocean-derived terranes which are separated by a series of folded, southeast-dipping
thrust faults (Figures 1 and 2; Brandon and others, 1988; Johnson, 1986). The entire thrust
system is thought to have formed during the Late Cretaceous, in a major and relatively rapid
event which was accompanied by high-pressure metamorphism. The Decatur terrane occupies
the structurally highest position within the imbricate stack, and thus forms the uppermost
terrane within the San Juan thrust system (Figures 2 and 3).
Although the western San Juan Islands have been studied in considerable detail, much
less is known about the easternmost islands. This entire area is generally mapped as the
Decatur terrane, but structural styles and orientations, as well as metamorphic mineralogies,
are known to be very heterogeneous within the eastern San Juans (Blake, pers. comm.; Carver,
1988; Brandon and others, 1988). The stratigraphy of the Decatur terrane also remains
ambiguous, since there is an apparent lack of high-pressure metamorphism, as well as age
r

discrepancy, within at least one unit (Carver, 1988; Blake, in preparation). Relationships also
have yet to be established between deformation of the Decatur terrane and the structural
history of the western San Juan Islands, as well as the relationship of this area to the Northwest
Cascades System (NWCS) which lies to the east. The purpose of this study was to provide a
detailed comparison of the lithology, metamorphism, and structure that occurs within the
easternmost islands of the Decatur terrane, in order to better define its heterogeneous
character. This information is then used to attempt to develop a kinematic history for the
study area.

LATE Cretaceous
NANAIMO BASIN

CENOZOIC
SEDIMENTARY COVER
TERRANES ACCRETED
DURING THE CENOZOIC

WMM/
W///////////A

COAST PLUTONIC COMPLEX
(LT. CRET.-E. TERT.)

XMTO WRANGELLIA TERRANE
(PALEOZOIC-MESOZOIC)

SAN JUAN-CASCADES
NAPPES

Figure 1. Regional tectonic setting of the San Juan thrust system (enclosed in box). Star
indicates location of this study area. Lines A-A’ and B-B’ indicate approximate location of
structural transect shown in Figure 3. The geology east of the Straight Creek Fault is not
shown. PRC = Pacific Rim Complex. LRS = Leech River Schist. Modified from Brandon and
others, 1988.
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Figure 2. Schematic geologic map of the San Juan Islands. Modified from Johnson and
others, 1986.
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Figure 3. Schematic stractural cross-section across the San Juan/Northwest Cascades thrust systems. PZ = Paleozoic; P = Permian;
MZ = Mesozoic; TR = Triassic; J = Jurassic; K = Cretaceous; UK = Upper Cretaceous. Approximate location of transect is shown
on Figure 1. Modified from Rubin and others, 1990.

BACKGROUND

Regional Setting

The San Juan Islands are located in northwest Washington State, between Vancouver
Island, British Columbia, and mainland North America (Figure 1). The area is flanked to the
east by the Northwest Cascades System (NWCS) of Misch (1966), and to the northwest by
Wrangellia (Jones et al, 1977). The Crescent terrane lies to the southwest on the Olympic
Peninsula.
Each of these neighboring geologic provinces are very different in history, and their
exact boundaries with the San Juan package are not well defined. Wrangellia consists
primarily of Paleozoic to Lower Jurassic volcanics intruded by Early to Middle Jurassic
plutons (Muller, 1977). This terrane is generally considered to be allochthonous, because
paleomagnetic evidence indicates that the rocks were formed at a very low latitude relative to
their present position on North America (Jones et al, 1977; Yole and Irving, 1980). Highpressure metamorphism is absent in these rocks. The Northwest Cascades System consists of
diverse, largely oceanic thrust slices of Late Jurassic to Early Cretaceous basalts and
sedimentary rocks which have been metamorphosed to greenschist and blueschist facies. The
NWCS appears to be generally unrelated to Wrangellia, but it has been proposed that some of
the NWCS units may be correlative with at least part of the San Juan package (Brown and
Vance, 1987; Brandon and others, 1988). The Crescent terrane of the Olympic Peninsula
consists largely of subduction-zone sediments and basalts which have accreted from the
southwest (Tabor and Cady, 1978). It is Cenozoic in age, and is considered to be unrelated to
the San Juan terranes.
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Previous Work

The San Juan area has been subdivided into two main groups which are generally
termed the "external" and "internal" units (Brandon and others, 1988; Figure 3). The external
units are unmetamorphosed sedimentary sequences that lie to the north and northwest of the
internal (metamorphosed) rocks, and they appear everywhere to be in fault contact with the
internal San Juan units. The internal units consist of a diverse assemblage of terranes that have
been stacked with the oldest units generally at the bottom, and the youngest in the structurally
highest position. Although they are variable in origin, most of the terranes within the internal
part of the thrust system are characterized by an episode of high-pressure, low-temperature
metamorphism, which is indicated by the presence of widespread lawsonite, prehnite,
aragonite, and pumpellyite (Vance, 1968, Glassley and others, 1976).
External Units. The external San Juan units consist of the Upper Triassic Haro
Formation (McLellan, 1927; Vance, 1975; Johnson, 1978) and the Upper Jurassic to Lower
Cretaceous Speiden Group (Vance, 1975; Johnson, 1981), as well as the Upper Cretaceous
Nanaimo Group (Muller and Jeletzky, 1970; Ward and Stanley, 1982; Pacht, 1984). To the
north, northeast, and east of the San Juan units lies the Eocene Chuckanut Formation
(Johnson, 1984; Figure 2). This is an unmetamorphosed fluvial sequence which is also
considered external to the thrust system, and which appears to be in depositional as well as
fault contact with the internal units (Carroll, 1980; Johnson, 1984). For this study, the
importance of the external units is that they are unmetamorphosed and there are 84 Ma
sediments within the Nanaimo Group that are known to contain clasts from the internal,
metamorphosed San Juan terranes. Brandon and others (1988) have therefore interpreted the
Nanaimo Group to be a "clastic linking sequence" which provides a minimum age for San
Juan thrusting and metamorphism.
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Internal Units. Nomenclature of the internal San Juan units has undergone a long and
complicated evolution. Following the work of Brandon and others (1988; Figures 2 and 3), in
ascending order, the principal thrust sheets are now thought to consist of: (1) the Turtleback
terrane; (2) the Deadman Bay terrane; (3) the Constitution Formation; (4) the Decatur
terrane.
The Turtleback terrane of Brandon and others (1988) consists of an early Paleozoic
plutonic suite (the Turtleback Complex of McLellan, 1927), together with an upper Paleozoic
intermediate arc-volcanic sequence (the East Sound Group of Brandon and others, 1988).
The Turtleback Complex is made up of an older gabbroic phase crosscut by a younger
tonalitic suite. These rocks, in turn, are crosscut by basaltic to silicic dikes which are inferred
to represent feeder dikes for the overlying Devonian to early Permian East Sound Group
(Brandon and others,1988). Rocks of the East Sound Group consist primarily of andesitic to
dacitic pyroclastic rocks, along with minor interbedded limestones. Above the Turtleback
terrane, separated by the Orcas Thrust (OF of Figure 2), lies the Deadman Bay terrane.
Following Brandon and others (1988), this terrane consists of Early Permian and Triassic
pillow basalts and andesites (the Deadman Bay Volcanics of Vance, 1975; 1977), as well as
Triassic and Early Jurassic cherts and limestones (the Orcas Formation of Vance, 1975).
Geochemistry of the basalts suggest an ocean island setting, and Tethyan fusulinids have also
been identified within the Permian limestone. This indicates that this terrane is probably fartravelled (Monger and Ross, 1971; Danner, 1977). The Constitution Formation (Vance, 1975)
structurally overlies the Deadman Bay terrane along the Rosario Thrust (RECF in Figure 2).
This is a thick clastic sequence, consisting of Upper Jurassic to Lower Cretaceous sandstone,
mudstone, and chert with minor volcanics. Deposition is thought to have occurred near a
continental margin, and sediments are primarily derived from arc-type volcanic sources
(Vance, 1975; Brandon, 1980).
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The Decatur terrane. The Decatur terrane (Whetten and others, 1978) occupies the
structurally highest position within the San Juan thrust system, and it is separated from the
Constitution Formation by the Lopez Fault Zone (Cowan and Miller, 1981; Brandon, 1980;
see Figure 3). It is the youngest of the internal, metamorphosed San Juan terranes, and is
currently thought to consist of the Middle to Late Jurassic Fidalgo Igneous Complex of
Brown (1977), as well as several Upper Jurassic to Lower Cretaceous sedimentary sequences
which Carver (1988) has subdivided into the Lummi Group and the Obstruction Formation.
The Fidalgo Igneous Complex is made up of an older, disrupted ophiolite sequence
as well as an intrusive arc-volcanic suite along with overlying sedimentary rocks (Brown,
1977). The ophiolite consists primarily of mafic to ultramafic rocks (harzburgite,
clinopyroxenite, and gabbro with minor dunite). These rocks are crosscut by a younger,
noncomagmatic suite of tonalite, diorite, quartz diorite, andesite and dacite (Brown and others,
1979). Brandon and others (1988) have obtained U/Pb and K/Ar ages for the arc-volcanic
complex, and this unit is dated as Middle to Late Jurassic (152-170 Ma) in age. These dates
are therefore considered to represent a minimum age for the ophiolite.
The Lummi Group of Garver (1988; JKl on Figure 4) consists of Upper Jurassic to
Lower Cretaceous volcanic-rich sandstones, mudstones, and conglomerates, which are
interpreted to represent a prograding submarine-fan assemblage (Garver, 1988). Pillow
basalts and breccias with minor black mudstone and pink tuffaceous limestone are also
exposed on northernmost Cypress Island, and these rocks are also thought to be part of the
Lummi Group (Garver, 1988). Most of the Lummi Group has experienced prehnite-grade
metamorphism, along with locally developed aragonite and lawsonite (Brandon and others,
1988; Garver, 1988).
The sedimentary rocks of the Lummi Group have been interpreted to represent a
depositional cover to the Fidalgo Complex (Brandon and others, 1988). However, the
sedimentary rocks have proven to be very difficult to relate to the Fidalgo Ophiolite, because
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48*30'

Figure 4. Geologic map of the eastern San Juan Islands. MzPz = undifferentiated Paleozoic
and Mesozoic terranes, which include the Orcas chert and Turtleback Complex; JKC = Late
Jurassic and (?) Early Cretaceous Constitution Formation; JFC = Middle to Late Jurassic
Fidalgo Complex (JFC-A; predominantly ultramafic and intermediate intrusive rocks; JFC-B:
predominantly pillow basalt; JFC-C: predominantly chert, argillite, and graywacke); JKL =
Late Jurassic to (?) Early Cretaceous Lummi Group, sandstone, mudstone, and conglomerate
(JKJI: James Island Formation); KEC = middle Cretaceous basalt, pillow basalt, and breccia
with minor interpillow limestone. KO = middle Cretaceous (?Cenomian - Turonian)
Obstruction Formation. Lopez Complex consists of north-dipping, imbricated lenses of all of
the above lithologies. Modified from Garver, 1988.
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there is no contact exposed and its nature can only be inferred. The Lummi Group was
originally correlated with the sedimentary cover of the Fidalgo Ophiolite by Vance (1977),
whereas Whetten and others (1978) considered it to be part of a thrust sheet structurally
higher than the ophiolite. Whetten and others (1980) later suggested that these rocks belong
to the Lopez terrane, which would situate them structurally below the ophiolite. Later work by
Garver (1988) placed the Lummi Group in unconformable depositional contact upon the
Fidalgo Complex. Most recently, Blake and others (2000) have reinterpreted the Lummi
Group to be part of a separate subduction complex (the "Pi-she-la-qem terrane") which
appears to be unrelated to the Decatur terrane. These oceanic rocks are no longer considered
to be in depositional contact upon the Fidalgo Ophiolite/Decatur terrane as it was previously
defined, because they appear to have a deformational and metamorphic history that is very
different from the relatively unmetamorphosed sedimentary cover of the Decatur terrane.
The Obstruction Formation of Garver (1988) consists of middle Cretaceous wellbedded turbidites, chert-rich sandstones, and chert-pebble conglomerates. The type area for
this formation is located on Obstruction Island, although these rocks also occur elsewhere
(Ko on Figure 4). The most important distinguishing characteristic of the Obstruction
Formation is that this unit does not contain metamorphic lawsonite, prehnite, or aragonite,
although these minerals do occur as detrital grains (Garver, 1988). Because of the apparent
lack of high-pressure metamorphism and the presence of metamorphic clasts, as well as a
strong deformational fabric, Garver (1988) has interpreted the Obstruction Formation to be a
synthrusting deposit which overlies the Lummi Group. However, this depositional relationship
of the Obstruction Formation upon the Lummi Group can only be inferred, because a contact
has not been observed.
Shuksan Metamorphic Suite. Structurally overlying the Decatur terrane and above
the Shuksan Thrust (inferred; Figure 3), lies the westernmost extent of the Shuksan
Metamorphic Suite of the NWCS (Brown, 1986; Gallagher, 1986; Brown, 1987; Gallagher
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and others, 1988). The Shuksan Metamorphic Suite of Misch (1966) consists primarily of an
interstratified and internally faulted assemblage of Late Jurassic to Early Cretaceous
greenschists and lesser blueschists (the "Shuksan Greenschist" of Misch, 1966) along with
quartzose carbonaceous phyllite (the "Darrington Phyllite" of Vance, 1957; Misch, 1966).
Two distinct episodes of metamorphism have been recognized within the Shuksan Suite
(Brown, 1987). The first is an amphibolite/eclogite facies metamorphism, which has been
identified in isolated blocks and is dated by K/Ar as 148-160 Ma (Brown, 1987). This early
high-grade phase was then overprinted by a later, widespread event of blueschist-grade
metamorphism. Ages of 120-130 Ma have been determined for this blueschist event using
Rb/Sr and whole-rock K/Ar methods (Armstrong, 1980; Brown, 1986, Brown, 1987). Both of
these events appear to predate the main stage of thrusting of the Shuksan against adjacent
(San Juan) terranes, which is generally considered to be Late Cretaceous (87 to 91 +/- 3 Ma)
in age (Brown, 1987).
Shuksan and Haystack thrusts. At the base of the Shuksan Suite lies the Shuksan
Thrust. The location of this major fault zone can only inferred for the study area, because it is
not exposed. However, this fault zone is generally thought to overlie the Decatur terrane, so
that the Shuksan Suite (now eroded) would have once extended over the entire San Juan
system (Brown, 1987; Brandon and others, 1988; see Figure 3). Others have suggested,
however, that the Decatur terrane is an eroded remnant of a much larger ophiolitic thrust
sheet which previously extended eastward at least 100 kilometers to include ultramafic
elements within the North Cascades, and which would structurally overlie the Shuksan Suite
along the Haystack Thrust (Whetten and others, 1980; Tabor, 1994). In this model, the
Haystack Thrust would represent the base of the Decatur terrane and would structurally
overlie the Shuksan Suite. Unfortunately, the Decatur terrane has not been observed to be in
thrust contact with the Shuksan, so the exact nature of this critical boundary remains
uncertain.
11

PURPOSE

The purpose of this study is to contribute structural, metamorphic, and
geochronological data to the existing geological dataset for the eastern San Juan Islands, from
an area that has not been comprehensively described or reported in the existing literature
(Figures 2 and 5). This information has a bearing on several important questions: (1) the
previously observed heterogeneity of structure and metamorphism that characterizes the
Decatur terrane; (2) the nature of any relationships that may exist between the easternmost
San Juan Islands and the westernmost Shuksan Suite; and (3) the origin and relative timing of
the regional cleavage development.
1. Heterogeneity of the Decatur terrane. Within the eastern San Juan Islands, detailed

mapping has thus far been limited to Fidalgo and Guemes Islands (Mulcahey, 1975; Brown,
1977), Decatur Island and its immediate neighbors (Garver, 1988; Figures 3 and 4), and
Lummi Island with its immediate neighbors (Carroll, 1980). These studies, as well as
reconnaissance mapping by M.C. Blake, R.F. Burmester and D.C. Engebretson (pers. comm.,
1996), suggest that the structural style, the orientation of fabrics, and the degree of
metamorphic reconstitution are all very heterogeneous within this area. Among the
metasedimentary units, cleavage development ranges from almost nonexistent or weakly
spaced (Fidalgo, Lummi, and Sinclair Islands) to very strong and penetrative (Samish, Eliza,
and Cypress Islands). Early reconnaissance mapping (this study) also showed multiple
foliations on Samish and Eliza Islands, and a second cleavage has also been previously
reported to occur on Decatur Island (Garver, 1988). Lawsonite has been previously described
from Lummi and Eliza Islands (Carroll, 1980), whereas actinolite occurs on Samish, Guemes,
Eliza, and north Fidalgo Islands (Blake, pers. comm.). Only chlorite, pumpellyite, and
prehnite were found in reconnaisance samples from other areas within the Decatur terrane
(south Fidalgo and Jack Islands; this study).
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Metamorphosed Units:
Shuksan Metamorphic Suite
(Gallagher, 1986)

Decatur terrane (Lummi Group)
(Brandon and others, 1988; Garver, 1988)

Decatur terrane (Fidalgo Igneous Complex)
(Brandon and others, 1988)

Unmetamorphosed Units:

□
□

Tertiary Chuckanut
Formation (Johnson, 1986;
Carroll, 1980)

Quaternary cover

Trace of thrust faults
(open barbs where Inferred dip)
(modified from Brandon
and others, 1988)

Axial trace of Inferred regional antiform
(from Brandon and others, 1988)

Figure 5. Geographic antJ generalized geologic map of study area and vicinity. This map shows
lithologic packages as they have been previously assigned, and represents a compilation from
the following sources: Brandon and others (1988); Carroll (1980); Gallagher (1986); and
Garver (1988).
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All of these locations are currently mapped within the Decatur terrane. This may be
accurate and the heterogeneity may simply reflect increasing grade, depth, differential uplift,
and/or late folding within the Decatur terrane. However, it has also been suggested that all of
these rocks do not share a common metamorphic and structural history, and that there is
actually more than one terrane present within the easternmost San Juans (Blake and others,
2000).

2. Relationship to Northwest Cascades Thrust System (NWCS). The westernmost
Shuksan Suite of the NWCS is exposed on south Chuckanut Mountain (Gallagher, 1986;
Gallagher and others, 1988; Figure 5) and lies to the immediate east of this study area.
However, the actual boundary between the NWCS and the Decatur terrane is not well defined,
and may be covered by water. The intermediate location of this study area may help to
further clarify the relationship and/or boundaries between these two regions, and any possible
changes in metamorphic grade or relative timing between these two packages.
3. Origin of the regional cleavage. The relative timing and mechanism of cleavage

development has been a subject of much discussion (Maekawa and Brown, 1991, 1993;
Brandon and others, 1988, 1993; Cowan and Brandon, 1994). Based on their observations of
abundant stretching lineations and asymmetric fault zone fabrics, Maekawa and Brown
(1991) concluded that the widespread regional cleavage developed during and as a result of
thrusting, and that metamorphic recrystallization accompanied this deformation. From the
asymmetry of microstructures in fault rocks, they concluded that the main cleavage resulted
from noncoaxial strain associated with northwest-vergent thrusting. Brandon and others
(1988, 1993; also Cowan and Brandon, 1994; Feehan and Brandon, 1999) have interpreted
the cleavage to be a solution mass transfer (SMT) fabric overprint, that postdates thrusting as
well as high-pressure metamorphism. The symmetry of strain markers in the rocks they
studied have led to their interpretation that the foliation was caused by flattening (or coaxial
strain) as opposed to shearing (or noncoaxial strain). Based on its widespread occurrence and
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its regionally consistent (generally shallow, NE-dipping) orientation, as well as textural
relations, they have concluded that the cleavage forms a regional overprint which postdates
the San Juan thrust event.
Although this study area does not expose the particular fault zones of these previous
discussions, there is a very well-developed and prominent cleavage throughout the field area,
and metamorphic minerals are also present on all islands. This allows for some limited
comparisons to be drawn between these two models.
One of the primary objectives of this study was to provide a detailed comparison of
the nature of the structures that exist within this single(?) terrane, and also to attempt to obtain
a metamorphic age for the fabric, using Ar/Ar chronology of white mica separates. It is hoped
that this information will provide a basis for further comparison between the conflicting
models, and may be of use for further correlation and/or differentiation among the various
terranes that occur within the San Juan/North Cascades systems.

METHODS

Lithologic and Structural Mapping. The most intensive structural mapping was

carried out on three islands: Jack, Eliza, and Samish Islands (see Figure 5). These three islands
were chosen because they are metasedimentary in origin, and thus provided an abundance of
structural data. They are also spatially distributed within the field area, allowing for kinematic
comparisons and correlations to be drawn, although it is possible that the large expanses of
water that separates the islands may also mask major hidden structures and/or lithologic
boundaries.
Measured structural elements on these islands included bedding and compositional
layering, foliation, fold hinges, lineations, faults and striae, en echelon veins, and kink folds.
On each island, fabrics and lineations were labelled by generation (e.g. SI, S2, etc.).
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according to crosscutting relations found in the field and/or in thin section, and these fabrics
were then later correlated between islands. Structural elements were plotted stereographically,
using the STEREONET program (v. 4.9.6) of Allmendinger (1988-95) and the FAULT
KINEMATICS program (v. 3.8.a) of Allmendinger, Marrett, and Cladouhos (1989-94).

Structural domains were developed for Samish Island, which showed distinct areas of foliation
attitudes. Oriented hand specimens were collected, cut along the X/Z and Y/Z planes, and
oriented thin sections were produced for petrographic analysis.
Mapping in the remainder of the field area was more cursory, due to rock types that
were less well-suited to fabric and structural analysis. These rock types included mafic and
ultramafic cumulates (Hat, Dot, and Saddlebag Islands) and intermediate metavolcanic and
plutonic rocks (Guemes and Huckleberry Islands). This portion of the study area was mapped
primarily with respect to lithology, and only the major structures were measured and/or
recorded. One exception was along the northernmost and southernmost exposures of Guemes
Island, where metasediments occur as thin slivers which outcrop along the shoreline. Minor
structural data was collected here. Faults and striae on Guemes Island were also measured.
Assignment of Textural Zones. Textural zones were assigned to medium-grained

metagraywackes, in order to provide a means of comparison for the variable development of
metamorphic textural reconstitution. This method was first introduced by Hutton and Turner
(1936), but this study follows the modified field criteria as outlined by Jayko and Blake
(1989). Textural Zone 1 (TZ 1) is defined by no foliation, no preferred orientation, and no
obvious flattening of detrital grains. TZ 2A is characterized by an anastomosing foliation. TZ
2B is defined by strongly planar and parallel foliation, which breaks easily along flat surfaces.
TZ 3A is defined by gneissic banding and shows metamorphic segregations 1-2 mm in
thickness. These categories were further subdivided (+/-), in order to indicate textural grades
that were transitional between the previously defined zones. Within the study area, there were
definite trends of increasing metamorphic reconstition. It is important to note, however, that
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the precise location of textural zone boundaries which were defined within this study are
subjective, due to the gradational nature of the metamorphic reconstitution and the relatively
small number of suitable graywacke exposures with appropriate grain size.
ArlAr Dating. Using mechanical, ultrasound, magnetic, and heavy-liquid methods,

white mica separates were obtained from micaceous samples from three islands (Jack, Eliza,
and Samish Island). These three samples were submitted to the geochronology laboratory at
Lehigh University for Ar/Ar radiometric dating by the step heating method, in an attempt to
determine the age of metamorphism which is associated with the fabric. Details of the mineral
separation process are described in Section III. Samples were analyzed by B. Idleman, and the
Ar/Ar data is listed in Appendix B.
Kinematic Analysis of Brittle Structures. Relatively late, brittle structures were

measured in order to compare the post-cleavage kinematics for each island. Measured
structures included fault planes and striae, en echelon veins, and kink folds. Crosscutting
relations among any of these elements were noted wherever available. Due to time constraints,
only a limited number of these structures were measured for each of the islands. However,
many of the measured elements were visually consistent with other unmeasured elements, and
should therefore provide a useful preliminary dataset for each island.
Analysis offaults. All of the islands within the study area are extensively faulted, but

in general only the more prominent fault planes were measured, along with any that showed
crosscutting relations and/or clear kinematics. Kinematic indicators which were used to define
the sense of motion included drag folds (which typically folded the main cleavage), offsets of
lithologic layering and/or veins, and any slickensides which were observable along the fault
surfaces.
Although individual fault surfaces with well-defined striae were relatively abundant
within the meta-igneous rocks, kinematic indicators were less clear within the
metasedimentary lithologies, due to poor exposures and phyllitic, incompetent rock types.
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Fault planes on Jack, Eliza, and Samish Islands are typically very weathered, crumbled, and
obscured by algae or mud, and even at locations where the faults were well-exposed, the
three-dimensional sense of shear was not always clear due the lack of an exposed fault surface
with slickensides. The lack of contrasting rock types and/or marker beds further hampered
the kinematic interpretation of many individual fault surfaces. Well-defined kinematic
indicators were available at some outcrops, however, and cross-cutting relations between faults
were also visible at some locations. Whenever possible, this information was used to infer the
sense of motion for other nearby faults which were similar in orientation, scale, and character.
However, all inferences of fault motion were limited to sets of faults that occurred within each
island, due to the possibility of regional rotations.
Throughout the study area, steep faults were generally observed to crosscut shallower
structures. The fault data was therefore first sorted on the basis of shallow to moderate vs.
steep dip. For most islands, these sets of steep and shallow faults were then sorted again with
respect to dip direction and then each of these sets were plotted and analyzed separately using
the FAULT KINEMATICS program (v. 3.8.a) of Allmendinger, Marrett, and Cladouhos
(1989-94), in order to better define any separate kinematics and/or relationships that may
exist among the measured fault planes. Faults with similar P-T axes would then be considered
to be possibly coeval, because they would reflect similar kinematic conditions. Based on a set
of preliminary fault plots, faults were then sorted again based on their common kinematics.
Fault plane solutions ("beach balls") were then created, but only for fault sets that contained
more than 3 data points and which appeared to be kinematically consistent. These sets were
interpreted to be coeval and their overall axis of shortening ("P") and extension ("T") were
considered to define the general kinematics for that stage of faulting. The resulting plots for
each fault stage were then compared with one another, and from island to island.
Analysis of en echelon veins. En echelon sets of extension veins within shear zones

were measured at locations where these features formed clear, prominent sets that showed
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well-defined en echelon relationships. These sets were typically found in the more massive
graywacke units, and were measured in order to define the local sense of shear. The kinematic
analysis of en echelon veins observed in this study follows that which is described in Ramsay
and Huber (1983). At each location, three elements were measured or observed: 1) the
bounding plane containing the set of veins; and 2) the orientation of the tails of individual
veins; 3) the sense of shear. The bounding plane was considered to define the shear plane,
and the local shear direction was then constructed by plotting the perpendicular to the
intersection of the tails of individual veins with the bounding plane. The shear plane, the
derived shear direction, and the sense of shear were then plotted stereographically, in the same
manner as the fault planes, in order to define their kinematic axes. Fault plane solutions
("beach balls") were also created for en echelon veins that appeared to form kinematically
compatible sets. These plots were then compared to those which were derived for the fault
planes, in order to discern any kinematic relationships between the faults and veins.
Analysis of kink folds. Kink folds were measured where available, in order to further

define any post-foliation strain, and to further constrain any post-cleavage folding and/or
rotation which may have occurred among the islands. Measured elements were the axial plane
of the kink fold and the sense of rotation. The fold hinge was also measured at some but not
all locations. For outcrops where the kink fold hinge was not measured, a hinge was
constructed by taking the intersection of the kinked surface (main foliation) with the axial
plane of the kink fold. The kinematic analysis of kink folds that were observed in this study
follows the methods outlined in Marshak and Mitra (1988). The axes of maximum and
minimum shortening were determined by the plotting of conjugate sets. The axis of
minimum shortening bisects the acute angle between the sinistral and dextral axes of rotation
("s" and "z") along the foliation, and the axis of maximum shortening bisects the oblique
angle. It is important to note that this analysis is somewhat limited, in that it produces only the
component of stress which was parallel to the kinked surface at the time of the kink
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formation. However, the presence of s and z conjugate sets (particularly on Jack and Eliza
Islands) indicates that stresses were more or less symmetric with respect to foliation.
Regional Deformation History. Because of the known heterogeneity and uncertain

correlations within the study area, individual maps and plots of the structural data were
generated and a separate kinematic history was developed for each of the islands with
structurally coherent metasedimentary rocks (Jack, Eliza, and Samish Islands). Lower-case
terminology was used for "local" (intra-island) deformational events (e.g. di, d2, etc.) This
data was then compared from island to island, in order to possibly correlate their kinematic
histories. Development of a regional ("inter-island") deformational history was then
attempted. These regional deformation events are defined in Section IV, using upper-case
terminology (e.g. Di, D2, etc.). It is important to note, however, that all kinematic axes were
developed in their present orientation, and that these kinematic interpretations do not take
into account any possible late folding or block rotations. The local orientation and even the
nature of any regional rotations are uncertain, as well as their age relation to the brittle
structures. These issues are discussed in Section IV. Unfolding of structural data was therefore
not attempted on an island-to-island basis.
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Section II: DESCRIPTION

META-IGNEOUS AND RELATED ROCKS

GUEMES ISLAND

The majority of Guemes Island is covered by glacial sediments and only the
topographically high southeastern area offers bedrock exposure. Most of the rocks are
intrusive in origin and although metavolcanic and metasedimentary rocks do occur, they are
generally confined to the northeast and southwest shorelines of the mapped area (see Figure
6). Several major fault zones were observed and inferred on Guemes Island, and the

distribution of most nonplutonic rocks along these shorelines appears to be primarily related
to this faulting.

Lithology

Plutonic rocks. The main rock type on Guemes Island consists of a variably altered

fine- to medium-grained diorite ("DI" on Figure 6; Figure 7). The diorite is primarily
exposed along the eastern shoreline from the north of Long Bay to Boat Harbor, and it also
dominates the two prominent hills on Guemes. It is only rarely exposed along Fault Zone A
or south of the inferred Fault Zone E (Figure 6).
The diorite is generally fine- to medium-grained (1-4 mm), and is composed almost
exclusively of hornblende and variably altered plagioclase (Figure 7). Very little quartz is
present (3-5 %). Thin sections show that the feldspar is variably altered to dense, clouded
mats of pumpellyite and sericite, and some relict grains of amphibole display amphibolitic
(tremolite/ actinolite) overgrowths which are generally random in orientation (Figure 8a).
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Figure 6. Geologic map showing lithology and primary structures for southeast Guemes Island
and vicinity.
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Figure 7. Plutonic rocks on Guemes Island ("DI" on Figure 6).
a. outcrop photograph of diorite. Note crude, hackly foliation, which is moderately
steep and southwest-dipping at this location. Location GU 6-5, Long Bay.
b. photomicrograph of diorite. Note that this sample is relatively unmetamorphosed.
Field of view is 2.3 x 3.5 mm, crossed nicols (“xpl”). Sample GU 5-3.

a.

Figure 8. Photomicrographs showing possible primary (hydrothermal) alteration of diorite in
thin section a. amphibolitic (tremolite/actinolite) overgrowths on primary amphibole, and
feldspars intensely altered to pumpellyite and sericite. Field of view is 0.45 x 0.60 mm (xpl).
Sample GU 5-3. b. albite overgrowths in intensely altered diorite. This alteration is highly
variable within the diorite (compare with Figure 7b) and is ascribed to sea-floor hydrothermal
alteration at a spreading center. Field of view is 2.3 x 3.5 mm (xpl). Sample GU 5-3.
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Albite fringes on feldspar were also observed (Figure 8b). Other possible metamorphic
minerals include epidote and randomly oriented chlorite. However, there is no fabric related
to these minerals and they appear to have formed under static conditions. They are identical
to what has been described from within ophiolites locally and elsewhere (e.g. Brown, 1977;
Brown and others, 1979; Evarts and Schiffman, 1983), and are ascribed to hydrothermal
fluids at a spreading center.
Crosscutting dikes and sills. The diorite is locally crosscut by mafic dikes which are

typically steep and north- to northeast- striking. These mafic dikes range from 2-15 cm in
width and are very fine-grained and dark greenish-black, weathering to dark brown. They are
composed primarily of plagioclase, with very minor pyroxene, sphene, and oxides in a glassy
matrix. Metamorphic minerals are primarily epidote and chlorite, with calcite and chlorite
occurring in veins.
The diorite is also intruded by felsic dikes, which are commonly subvertical and
northwest-striking, and vary from several centimeters to meters in thickness. These dikes are
generally light pink to light green in outcrop. Thin sections show that these dikes consist
almost entirely of fine- to medium-grained plagioclase, along with minor epidote and very
little quartz. The temporal relationship between the mafic and felsic dikes is unclear because
they were not observed to crosscut one another. However, it is notable that the feldspars within
the felsic dikes were relatively unaltered and generally lack the extensive pumpellyite and
sericite replacement that has affected many of the other igneous rocks. On this basis, the felsic
dikes are tentatively interpreted to have formed relatively late.
Xenoliths. The diorite contains blocky, subangular to subrounded, cm-scale xenoliths

of black to dark green, fine to very coarse-grained amphibolite. These inclusions are the only
coarse-grained mafic rocks that were observed on Guemes Island. They are composed almost
entirely of amphibole along with less abundant epidote, sphene, and oxides. Amphibolitic
overgrowths and albite rims were also observed within these rocks.
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Volcanic and metavolcanic rocks. Variably metamorphosed volcanic rocks (“mVO"

on Figure 6) occur primarily along the southeastemmost point of Guemes, but a variety of
extrusive rocks also occur as blocks along the northeastern shoreline of the mapped area, in
association with Fault Zone A. Although there is no exposed contact between the diorite and
any of the extrusive rocks, most (if not all) of the volcanics are inferred to be in faulted
contact with the diorite, because the change in lithology and texture is generally abrupt.
The extrusive rocks include a variety of rock types, but they are typically green to
brown weathering and light gray-green to dark gray on fresh surfaces (Figure 9), with locally
preserved relict layering. Many of the metavolcanic rocks have a crude foliation. Most of the
volcanics are massive and aphanitic with no visible phenocrysts, although there are some that
contain feldspar phenocrysts (Figure 10a). Thin sections indicate that most of these rocks are
intermediate to mafic in composition, consisting of variably altered feldspar, pyroxene and
amphibole (some secondary?) with lesser amounts of epidote, sphene, and very little quartz.
One sample (GU 3-12) contains fragments of amygdaloidal porphyritic basalt, and another
sample (GU 6-4) includes angular fragments of medium-gray chert along with minor talc.
Metamorphism is highly variable, but many of the metavolcanic rocks contain pumpellyite,
chlorite, sphene, epidote, and quartz/albite overgrowths. Actinolite also occurs in some
samples, and GU 6-3 contains pervasive stilpnomelane with intergrown sphene (Figure 10b).
In general, the metamorphic minerals in the metavolcanic rocks are low grade and appear to
be random in orientation, which indicates that they formed under static conditions. Many of
the volcanic rocks also include relatively undeformed veins of carbonate, prehnite,
pumpellyite, and quartz.
Volcaniclastic metasediments. Strongly and multiply foliated (Textural Zone 2B)

volcaniclastic rocks occur on the south shoreline near Cook's Cove, and are indicated as
"mSS/PH" on Figure 6. These rocks consist of medium to fine-grained volcaniclastic
metasandstone with thinly bedded interlayers of metasiltstone and phyllite. This unit also
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Figure 9. Outcrop photograph of metavolcanics on Guemes Island ("mVO" on Figure 6).
Location GU 6-3b, east of Cook's Cove.
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Figure 10. Variably metamorphosed volcanic rocks in thin section ("mVO" on Figure 6)
a. photomicrograph showing relatively unmetamorphosed porphyritic volcanic rock
of intermediate composition. Field of view is 2.3 x 3.5 mm (xpl). Sample GU 5-3, along Fault
Zone A.
b. photomicrograph showing stilpnomelane- (“st”) and sphene- (“sp”) bearing
metavolcanics. Note the very abundant relict (pink, Ti-rich?) augite (“px”), as well as small
prisms of high-relief pumpellyite (“pu”). Field of view is 0.45 x 0.60 mm, plane polarized
light (“ppl”)- Sample GU 6-3b, east of Deadman's Bay.
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includes intercalated lenses of gray-green fine-grained metatuff as well as minor lithicquartzofeldspathic rock (Figure 11a). Lithologic layering is parallel to cleavage and contacts
are very sharp, with an overall lack of relict sedimentary structures. Foliation is defined in thin
section by the alignment of platy minerals (primarily fine white mica and chlorite), along with
very minor dissolution residue. There is also abundant and well-developed actinolite, much of
which crosscuts the main foliation although some actinolite appears to be syntectonic (Figure
lib).
Chert and volcanilithic argillite. These rocks occur to the north of Boat Harbor, and

are indicated as "mCH/AR" on Figure 6. This is a distinctive unit consisting of very fine
grained, dense, black to brown volcanilithic argillite which is interlayered with thin (0.5 to 2
cm) beds of medium gray chert (Figure 12). The argillaceous layers contain volcanic clasts
and chert, with very minor amounts of quartz. Some of the argillaceous layers appear to be
strongly oxidized. The chert layers contain a very well-developed set of thin (1-3 mm) veins
which are generally perpendicular to the layer-parallel foliation, and which contain carbonate
(possibly aragonite?) and quartz.
Tectonized volcanic metabreccia. There is a distinctive, dark and light green, strongly

tectonized volcanic metabreccia ("mBR" on Figure 6) which occurs on the east side of
Deadman's Bay, at Cook's Cove, and also at several locations along Fault Zone A. This rock
consists of flattened, angular volcanic clasts (0.5 to 4 cm) within a very fine-grained, sheared,
argillaceous matrix. Because the clasts are aphanitic and highly altered, many are very
difficult to identify. However, they appear to be generally mafic to intermediate in
composition. Chert clasts are also present. There is very abundant chlorite, with lesser
amounts of epidote. Calcite also occurs, primarily in veins. Actinolite was not observed.
Although there are no exposed contacts in this area and the rocks are strongly sheared, it is
possible that this may represent a tectonized basal sedimentary breccia, which may separate a
meta-igneous basement from an overlying sedimentary package.

29

Figure 11. Volcaniclastic metasediments ("mSS/PH" on Figure 6)
a. outcrop photograph of metasedimentary rocks, showing intercalated lenses of
metatuff ("mt") and metagraywacke ("mg") within a well-foliated metasiltstone ("ms").
Location GU 1-1, Cook's Cove.
b. photo- micrograph of actinolite-bearing metasiltstone ("ms" in Figure 11a). Some
of the actinolite ("act") in this sample crosscuts cleavage and appears to be static. However,
some relatively coarse actinolite also appears to have formed subparallel to the main foliation,
along with very abundant fine white mica. Field of view is 0.45 x 0.60 nun (xpl). Sample GU
1-1, Cook's Cove.

a
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Figure 12. Outcrop photograph of interbedded chert and volcanolithic argillite ("mCH/AR"
on Figure 6). Photographed facing west-northwest. Location GU 4-8.
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Metaconglomerate and phyllite. These rocks occur along the inferred Fault Zone C,

east of Deadman's Bay, and are indicated as "mCG/PH" on Figure 6. The metaconglomerates
are composed primarily of rounded to subrounded, pebble- to cobble-sized clasts of chert
and mafic volcanics, which occur within a very fine-grained, intensely foliated phyllitic
matrix. Almost all clasts show pronounced flattening along the foliation.
Other metasediments along Fault Zone A. There is a wide variety of assorted

metasediments ("mS" in Figure 6), which appear to be tectonically intermixed along Fault
Zone A. Some of these rocks are lithic-quartzofeldspathic, whereas others are rich in chert
and volcanic clasts with little to no quartz present. Some of the more quartzose rocks also
contain interbedded tuffaceous layers. Cleavage development ranges from nonexistent to
highly penetrative (TZ 2B) to multiple foliations, and there is at least one location (GU 3-5)
with unfoliated breccia that contains angular clasts of veined and foliated metasediments.
Many of the metasedimentary rocks contain chlorite, epidote, pumpellyite, and white mica,
and at least one sample (GU 3-3) contains sparse bundles of very fine-grained, prismatic
lawsonite. Veins containing quartz, prehnite, and carbonate are common. Due to the overall
diversity of rock types and metamorphism, as well as their chaotic distribution, the
northeastern shoreline is interpreted to represent a melange of tectonically intermixed
lithologies that are associated with a shoreline-parallel fault zone.
Tectonic vs. Depositional Contacts. The original relationship of any of the

metasediments to the volcanic and plutonic rocks is unclear, because there are no exposed
contacts. However, the juxtaposition of varying lithologies suggests that at least on the
northeast shoreline, all metasedimentary rocks are probably in fault contact with the igneous
rocks. The metasediments that occur along the southern shoreline (between Deadman's Bay
and Cook's Cove) are somewhat less chaotic in distribution, but are still probably separated
from the metavolcanic rocks by faulting along Fault Zone C. A more detailed petrologic (and
geochemical) study would be necessary in order to establish a relationship between any of the
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metasedimentary rocks with the igneous rocks, because the critical contacts are not exposed.
The preliminary conclusions of this thesis are that there do not appear to be any depositional
contacts of sediments or metasediments upon the igneous or metaigneous rocks.

Metamorphism

The rocks along the northern and southern shorelines of the study area (Fault Zones
A and C on Figure 6) are highly variable in metamorphic fabric development, as well as
metamorphic minerals. Some appear to be unmetamorphosed (Figure 10a), but others
contain minerals such as actinolite, epidote, chlorite, pumpellyite, sphene, stilpnomelane, and
possible lawsonite. The occurrence of these minerals generally indicates sub-greenschist and
possibly lowermost blueschist facies conditions. The diorite that dominates the central portion
of the mapped area appears to be relatively unmetamorphosed, although there is a variably
developed alteration assemblage that locally includes actinolite and albite. This assemblage is
interpreted to be primary (following Brown and others, 1979) and probably represents sea
floor hydrothermal alteration (e.g. Evarts and Schiffman, 1983). There are, however,
relatively undeformed veins of quartz, calcite, and prehnite +/- pumpellyite that occur within
the diorite, and these veins also appear to be abundant and widespread within rocks along
Fault Zones A and C.
These observations suggest the possibility for a multiple set of metamorphic events.
First, there appears to be very early (primary?) sea-floor alteration that has occurred within
the diorite. There is also localized (very low to subgreenschist to possible blueschist facies)
metamorphism, as well as the development of a strong metamorphic fabric which appears to
be limited to some rocks along Fault Zones A and C. These variable metamorphic “events”
are interpreted to predate faulting. However, the veins of calcite + prehnite + quartz +/-
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Figure 13. Metamorphic vein minerals in thin section, a. photomicrograph showing
relatively undeformed vein of prehnite and calcite, which forms a common vein assemblage
within the diorite. Field of view is 0.45 x 0.60 mm (xpl). Sample GU 6-3. b. photomicro
graph showing pumpellyite lining a quartz vein. Pumpellyite was also observed in some veins
of calcite and prehnite. Field of view is 0.45 x 0.60 mm (ppl). Sample GU 6-3.
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pumpellyite are very widespread and appear to be irrespective of the main fault zones. This
suggests a very low-grade event that may postdate faulting.

Structure

Faults

Map-scale faults. The structure on Guemes Island is dominated by faulting rather

than by folding, and this is probably due to the unlayered and massive character of the
metaplutonic and metavolcanic rocks. Two of the exposed shorelines appear to be
topographically controlled by large-scale visible faulting (Fault Zones A and B on Figure 14),
and a third shoreline is also probably controlled by major faulting (Fault Zone C, inferred.
Figure 14). An inferred pair of faults may pass through Cook's Cove and Long Bay as well, to
follow the steep topographic ridges that cross the interior of Guemes Island (inferred Fault
Zones D and E, Figure 14).
Fault Zone A. This fault zone forms a major structure which appears to be northwest-

striking, moderately south-dipping, and generally follows the steep, northeastern shoreline of
the mapped area (Figure 15). Exposed along Fault Zone A are a wide variety of juxtaposed
and intermixed lithologies, many of which are intensely disrupted (Figure 16). This entire
section of shoreline is therefore interpreted to represent a general zone of tectonic melange.
Individual blocks within the fault zone showed a strong variation in foliation development,
from strongly penetrative to nonexistent to multiple cleavages, and although measured
cleavage orientations within and near Fault Zone A were often very close to the orientation of
the fault zone itself, this is not always the case (Figure 14). Fault Zone A is therefore
interpreted to postdate most of the local cleavage.
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Southeast Guemes Island and vicinity
Figure 14. Structural map of southeast Guemes Island and vicinity.
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Figure 15. Outcrop photograph along Fault Zone A, which follows the northeast shoreline.
Note the apparent drag of cleavage (arrow) within the hanging wall of the fault surface.
Photographed facing west. Location near GU 1-3, northeast shoreline.

Figure 16. Outcrop photograph of faulted blocks within Fault Zone A. Lower (green) unit
is intensely disrupted, with a fabric that is possibly shear-related. Photographed facing
northeast. Location near GLF 1-3, northeast shoreline.
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Generally, this fault zone appears to be a complex and possibly reactivated structure.
Many of the rocks show intense cataclasis, and are very crumbled and incompetent.
Measurable striae are extremely rare, but large-scale drag of cleavage within the hanging wall
at some locations suggests an overall apparent motion that is thrust top-to-north (Figure 15).
However, there is also apparent drag along individual faults that indicate a sense of motion
that is normal (top-to-south; see "Measured fault planes", below). The occurrence of both
reverse and normal apparent motion along individual surfaces could also be taken as evidence
for overall strike-slip motion. The original sense of motion along Fault Zone A is therefore
inconclusive, and would be an important topic for more detailed study.
Fault Zones B, C, D, and E. Unfortunately, none of these fault zones are as well

exposed as Fault Zone A, but abundant shallow slickensides on fault surfaces parallel to Fault
Zone B (FZ B) suggest that it is predominantly a strike-slip structure, with a left-lateral sense
of motion. The presence of diorite on Huckleberry Island to the east, however, suggests that
FZ B does not form any major lithologic/stmctural boundary. The trace of Fault Zone C can
only be inferred by the orientation of the southernmost shoreline, tmd the juxtaposition of a
variety of dissimilar rock types which are exposed along this shoreline. The orientation of this
inferred fault zone appears to be nearly parallel to Fault Zone A in the north, so this is
possibly a structure of similar age and/or character. Fault Zone D can also be only inferred,
based on topography and the change in rock types across Cook's Cove. This fault (if it exists)
is possibly a strike-slip structure as well, since its strike appears to be nearly parallel to Fault
Zone B. Fault Zone E is very similar in orientation to FZ A and C, and is therefore of possibly
similar age and relative motion.
Measured fault planes. There is an enormous number of individual fault surfaces

exposed on Guemes Island, with orientations that commonly parallel the larger, mapped fault
zones. For this study, faults were measured along the northeast shoreline (within and along
the trace of Fault Zone A; see Figure 14), and at Long Bay (along inferred Fault Zones B and
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E; see Figure 14). At both locations, the structures are well-exposed, crosscutting relations are
observable, and many faults have measurable striae. This allowed the separation of measured
fault data into three sets based on crosscutting relations, dip direction, relative age, and
kinematics. Figures 17-19 show an example of each of these fault sets, and Figures 20a-d
summarize the measured fault data.
Stage I faults. The earliest faults ("Stage I") are generally west- to northwest-striking,

and dip is moderate to steep to the southwest. In outcrop, these faults are typically crosscut by
other faults of multiple orientations. Most of the measured Stage I fault planes were along
and parallel to Fault Zone A (indicated as large circles and bold lines on Figure 20a), and this
fault zone may form a large-scale expression of Stage I faulting. Although Fault Zones C and
E are unexposed, their similar strike (parallel to Fault Zone A) suggests that they may be
related to Stage I faulting, as well. At least along Fault Zone A, Stage I faults often appear to
be associated with a strong, crumbly, cataclastic fabric. Slickensides are extremely rare and of
the few sets that were measured, the sense of shear was mixed. A few striae were highly
oblique and indicate a top-to-west sense of motion. This is notably similar to Stage II
kinematics (described below). Composite Riedel structures occur at Long Bay (near GU 6-5;
see Figure 17), and these structures appear to be generally parallel to the inferred Fault Zone
E. The apparent sense of motion at this location was also normal (top-to-southwest). Two
other faults with measurable slicks indicated reverse oblique motion. The apparent sense of
motion on fault planes without measured striae is also variable, but the most recent motion on
most Stage I structures appears to be right-normal oblique. This general inconsistency
indicates that at least some of the Stage I faults are complex and possibly reactivated
stmctures.
Stage II faults. Along the northeast shoreline, there are also many shallow west

dipping normal faults exposed, which intersect Fault Zone A. These faults are designated
"Stage II" because they typically crosscut the earlier south-dipping Stage I faults, and they
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Figure 17. Outcrop, photograph and tracing of Stage I fault with composite Riedel structure.
Photographed facing west, Long Bay. Note penetrative and highly localized shear-related
foliation and multiple sets of secondary shear surfaces. Overall sense of motion is normal
(top-to-south).
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Figure 18. Outcrop photographs of Stage II faulting, a. photograph facing south, Long Bay.
Overall sense of motion is normal (top-to-west). b. photograph showing Stage II faults
(diagonal) crosscutting Stage I faults (subvertical). Photographed facing west-southwest.
Location near GU 1-3, within Fault Zone A.

Figure 19. Outcrop photographs of Stage III faulting, a. photograph of Stage III fault, Long
Bay. Photographed facing down, north is to the right. This is a strike-slip structure with a
northwest-striking left-lateral sense of shear, b. outcrop photograph showing Stage III faults
(vertical) crosscutting Stage II faults (diagonal). Location near GU 3-1, within Fault Zone A.
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also disrupt the local cleavage. Measurable slickensides are much more common than they
are along Stage I faults. Stage II faults typically have shallow, down-dip (west-trending) striae,
and the fault surfaces bound meter-scale lenses and blocks that appear to have moved top
down to the west (see Figure 18). Measurable offsets are generally not large (< meter-scale),
but these faults are abundant and form pervasive, parallel sets.
Stage III faults. The shallow west-dipping Stage II faults are, in turn, crosscut by a

series of west-southwest and northwest-striking, near-vertical faults which are commonly
marked by near-vertical shear zones of dark reddish brown to black gouge. Most measurable
offsets along Stage III fault surfaces are relatively small (< meter-scale). Because they
generally crosscut all earlier structures, these faults are interpreted to be relatively late ("Stage
ITT") faults. Some Stage III faults were found to crosscut Fault Zone A along the northeastern
shoreline, but they are best exposed along the eastern shoreline, where they appear to be
parallel to Fault Zone B (see Figure 14). Fault Zone B is therefore interpreted to be related to
Stage III faulting. Slickensides along the northwest-striking faults are generally shallow and
north-plunging, and local offsets (where available) indicate a left-lateral sense of motion
(Figure 19). Slickensides along a less well-developed west-southwest striking set of steep
faults are also shallow, and these are west-plunging with a right-lateral sense of motion.
Other faults. North- and east-dipping faults are also abundant, but the striae that were

collected from this set comprised a very mixed dataset and crosscutting relations were also not
consistent with respect to the other stages. This group is therefore plotted as "Other faults" in
Figure 20d, due to mixed kinematics and/or generations, although a very few of these faults
were moved to other stages that appeared to be kinematically similar. These faults were not
analyzed as a group, due to their mixed kinematics and uncertain relative ages.
Fault Kinematics. Stage I faults. The stereoplot of Stage I faults (Figure 20a) shows

that although there is little apparent overlap among the derived P and T axes, their
orientations are strongly scattered. This plot suggests that the Stage I faults are not a
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a. Stage I faults

b. Stage II faults

Figure 20. Stereoplots of fault data for Guemes Island (Fault Zone A and Long Bay). For
each stage, plots on the left are of faults and striae. Solid great circles indicate strike and dip
of measured fault planes, and dots indicate trend and plunge of measured striae. Arrows
indicate sense of shear (foot wall fixed). Dashed lines are measured fault planes, without
measurable striae. Plots on the right show derived P axes (black circles) and T axes (open
squares). Large "P" and "T" indicates average location (trend and plunge) of derived axes.
Fault plane solutions ("beach balls") were derived only for fault sets that appear to be
kinematically consistent. Enlarged symbols indicate data from within Fault Zone A.
All plots equal area. a. Stage I faults b. Stage II faults
44

c. Stage III faults

d. Other faults

T
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kinematically compatible set, and Stage I faults were therefore not analyzed further. A more
detailed study of Stage I faults in particular would be very helpful to determine if these faults
have been completely reactivated (perhaps under Stage II and/or III conditions), or if the
earliest kinematics for Stage I faulting could also be resolved.
Stage II faults. As a group, the Stage II faults show a well-clustered set of P and T

axes, and these faults are therefore interpreted to be kinematically consistent with one
another. The derived fault plane solution (Figure 20b) shows an average P-axis which is
relatively steep and NW-plunging, and an average T-axis which is shallow and SE-plunging.
In general, this set of faults appears to have formed within an overall extensional regime, with
subvertical shortening and relatively shallow NW-SE extension.
Stage III faults. Stage III faults also appear to form a kinematically compatible set,

with reasonable clustering of P and T axes and no significant overlap. The fault plane
solution (Figure 20c) shows a mean P-axis which is quite shallow and west-northwest
plunging, and an average T-axis which is also very shallow and north-south trending. The
shallow orientation of both of these axes are indicative of an overall strike-slip regime, which
has formed in response to ESE-WNW subhorizontal shortening, combined with NNE-SSW
subhorizontal extension.

Other structural elements

Foliation. Many of the metasedimentary rocks are strongly foliated (Figure 11a), and

there is also a crude, hackly cleavage which is locally developed within the diorite and
metavolcanic rocks (Figures 7a and 17). These may not be of the same generation, but Figure
21 shows a stereoplot of poles to cleavage where it was measured. Although this plot shows
considerable scatter, the foliation does appear to be (for the most part) fairly steep and southto southwest-dipping. The attitude of Stage I faults are typically very close to that of cleavage.
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Fault Zone A
Fault Zone B
Fault Zone C

Figure 21. Stereoplot of poles to cleavage, Guemes Island. Equal area.
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when the faults occur within or near the metasediments. However, most faulting (except
possibly Stage I?) appears to disrupt and therefore postdate the foliation.
Macroscopic folds. Although folding may be present, the massive rock type and only

localized occurrence of cleavage in the metaplutonic and metavolcanic rocks makes it very
difficult to recognize or track any large-scale folding on Guemes. This is further complicated
by the fact that many of the measured foliation attitudes occurred within metasedimentary
rocks that are interpreted to be fault emplaced (Fault Zones A and C). In any case, the
stereoplot of poles to foliation is not particularly suggestive of large-scale folding.
Mesoscopic folds. Visible folds were only observed within the metasedimentary rocks

on Guemes. However, many of these rocks appear to be unrelated to one another, and are
disrupted by inferred and observed faulting. Fold hinges were therefore not generally
mapped or collected, but there is beautifully exposed superposed folding of chert layers near
GU 4-8 (north of Boat Harbor). Fi axes here are very steep and south-plunging, and F2 axes
are also near-vertical and east-dipping. There are also well-exposed symmetric folds just east
of Cook's Cove. Fold axes here are moderately shallow and southeast-plunging.

Summary

The overall structure on Guemes Island appears to be dominated by multiple stages of
faulting, and a brittle deformation history is outlined in Table 1. Although there is a variably
developed foliation which occurs in some rocks and which appears to predate most faulting, it
was also noted that the orientation of Stage I faults were typically very similar to foliation
attitudes nearby, and these may be somehow related. Stage I kinematics remain unresolved
due to scatter and possible reactivation. Stage II appears to have involved normal faulting, and
reflects shallow NW-SE extension and subvertical (NNW-plunging) shortening. Stage HI
involves the left-lateral strike-slip faulting that was observed parallel to Fault Zone B, and
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Table 1. Brittle Structures, Guemes Island
Structural Element

Orientation, sense of motion

Kinematic Axes

Stage I faults

West-southwest striking,
moderately south-dipping faults
(often cleavage-parallel)

Mixed

(Fault Zone A?)

(—not analyzed—)

Mostly oblique-normal, minor
thrust, reverse motion
(reactivated?)

Stage II faults

Shallow, west-dipping faults

P: steep, NW-plunging
T; shallow, SE-plunging

Normal motion
Extensional regime

Stage III faults

North-to northwest-striking
steep faults

P: shallow, WNW-plunging
T: shallow, NNE-plunging

Left- and right-lateral
strike-slip motion

Strike-slip regime

Variable strikes and dips;
predominantly north-and east
dipping steep faults

—not analyzed—

(Fault Zone B?)

Other faults
(uncertain age relations)

Predominantly reverse motion on
measured striae; also normal
motion
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some northwest-striking right-lateral faulting. Stage III indicates a relatively late strike-slip
regime which has formed in response to shallow WNW-ESE shortening and shallow NNESSW extension.
A larger data set for the early (Stage I) faults would be very important, in order to
better separate and clarify the kinematics for this early stage of faulting. This is particularly
important because Fault Zone A appears to form a possible terrane-bounding structure
(discussed in later sections). Because Fault Zone A (and perhaps FZ C and E as well) appears
to be crosscut by later structures, it should reflect Stage I faulting. However, the mixed
kinematics observed in this study suggest possible reactivation under Stage II and/or Stage III
conditions. A more detailed analysis of the early kinematics along Fault Zone A would be an
important area for further study.
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HUCKLEBERRY ISLAND

The rocks on Huckleberry Island consist of fine- to medium-grained diorite, which is
probably equivalent to the rocks exposed on Guemes Island to the west. As on Guemes, the
diorite is locally crosscut by black aphanitic mafic dikes which outcrop along the west and
north shore. The mafic dikes are generally steep, northeast-striking, and are approximately
3-15 cm in thickness. Along the southwest shoreline, there is a white talc-serpentinite breccia
which forms a conspicuous landmark (HU 2-6 on Figure 6). This outcrop exposes abundant
boulder- to cobble-sized angular fragments of dark green to black, complexly slickensided
serpentine, suspended within a white talc-rich matrix. The presence of talc and serpentinite
suggests the presence of a possible sheared contact with the ultramafic rocks that are exposed
on Saddlebag Island to the east (described in next section).
Thin sections show that although these rocks are lithologically identical to the diorite
on Guemes Island, and are composed almost exclusively of hornblende and feldspar with
very little quartz. There is a similar but variably developed alteration assemblage that involves
extensive alteration of relict feldspar to dense, clouded mats of pumpellyite, randomly
oriented actinolite/tremolite overgrowths on relict amphibole and albite overgrowths on
feldspar. These minerals are interpreted to be the result of primary hydrothermal alteration at
a spreading center, similar to what was observed on Guemes Island and has also been reported
in similar rocks elsewhere (Brown and others, 1979; Evarts and Schiffman, 1983). Quartz,
calcite, and prehnite also occur in relatively undeformed veins, and these veins are interpreted
to be metamorphic in origin.
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SADDLEBAG, DOT, AND HAT ISLANDS

Lithology

The exposed bedrock of these islands is entirely ultramafic, composed of coarse- to
fine-grained, variably serpentinized cumulate Iherzolite/wehrlite and dunite with thin chromite
layers and crosscutting pyroxenite dikes. The outcrops are generally massive and resistant,
and display a distinctive bronze to rust-brown weathering surface. The rocks are texturally
and compositionally bimodal, with alternating layers of dunite and Iherzolite/wehrlite that
range from several centimeters to meters in thickness (Figure 22). Minor pyroxenite dikes
crosscut both rock types and show a characteristic columnar weathering pattern.
The fine-grained dunite is dark olive to black on fresh surfaces, weathering to a light
golden brown. Thin sections show that much of this rock is highly serpentinized (90-95%),
and relict grains are evident only as small moderately birefringent blebs, which are often in
optical continuity (Figure 23). The relatively few relict grains that remain appear to be
composed almost entirely of olivine, along with minor chromite.
The coarser-grained Iherzolite/wehrlite is dark olive and gray-brown weathering, with
an abundance of shiny golden-brown relict grains (0.2 to 1 cm) of pyroxene as well as finergrained dark olivine. Thin sections reveal a somewhat less serpentinized fabric
(approximately 75%). Relict grains are composed of olivine, orthopyroxene, and variable
amounts of lesser clinopyroxene, as well as minor chromite (Figure 24). Aside from extensive
serpentinization, the only observed metamorphic minerals were fuchsite overgrowths on
chromite grains.
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Figure 22. Outcrop photograph of cumulate layers of variably serpentinized
Iherzolite/wehrlite (“1/h”) and dunite (“d”), facing southeast. Northwest point, Saddlebag
Island.
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Figure 23. Photomicrograph of extensively serpentinized dunite. Note optical continuity of
relict olivine grains. Field of view is 2.3 x 3.5 mm (xpl). Sample K-5, Hat Island.

Figure 24. Photomicrograph of serpentinized Iherzolite, showing relict orthopyroxene within
a highly serpentinized fabric of relict olivine. Pyroxene grain shows serpentinite replacement
(dark in this photo) along its fringes. Field of view is 2.3 x 3.5 mm (xpl). Sample K-4, Hat
Island.
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Structure

In general, the rocks of Hat, Dot, and Saddlebag Islands appear to be much less
deformed than the rocks of Guemes Island, although this may be due to a more massive and
stronger lithology. For the most part, deformation on these islands appears to be primarily
accommodated along a set of variably oriented (but primarily south- and southwest-dipping)
faults which were generally not measured. The rocks do not appear to be folded in outcrop,
but the preliminary data of this study suggests the possibility of an overall change in the
orientation of cumulate layers from north to south. Contacts are near-vertical everywhere, but
strike appears to change from generally north-south on Hat Island to northwest-southeast on
Saddlebag Island (see Figures 14, 25). More data would be necessary, however, to determine
if this change in orientation is due to any large-scale folding and/or block rotation.
There are two consistent sets of well-developed joints which were also observed in the
field, and it is possible that one or both of these may actually represent a weak, spaced
fracture cleavage. The dominant joint set (Figure 26) strikes east-west and dip is moderate to
the south (Hat Island) southwest (Dot Island) and north (Saddlebag Island). A secondary set
is also west-striking, with very steep to vertical dips. Although detailed mapping was not
carried out here, the more dominant joints were measured at a few locations on all three
islands, in order to compare the orientation of these features with the cleavage that occurs on
Guemes. The origin of the joints are unclear, but stereoplots of these structures (Figure 26;
compare with Figure 21) suggest that they are probably unrelated to the predominant
cleavage which was measured on Guemes Island. Although the data was very limited, the
poles to joints of Hat, Dot, and Saddlebag Islands do appear to form three distinct clusters and
there is a distinct lack of overlap among these groups. This suggests possible block rotation,
but then the cumulate layering should also have been affected. More data might help to
resolve this problem.
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• Hat Island

ic Saddlebag Island

Figure 25. Stereoplot of poles to cumulate layering, Hat and Saddlebag Islands. Equal area.

Figure 26. Stereoplot of poles to joints, Hat, Dot, and Saddlebag Islands. Equal area.
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METASEDIMENTARY ROCKS

JACK ISLAND

Lithology

Jack Island offers nearly continuous outcrop around its perimeter. The exposed rocks
consist of well-foliated (TZ 2B), medium-to coarse-grained, medium gray chert-volcanolithic
metasandstone with abundant interbeds of dark gray to silvery black metasiltstone and
phyllite (Figure 27). The fine-grained layers occur as thin and often laterally discontinuous
units which are typically 1-10 cm thick, up to a maximum of 0.5 meters. The coarsest grained
sandstones occur on the southwestern shoreline, with angular 1-3 mm clasts composed of
pink and gray chert, feldspar, lithic fragments, and minor quartz occurring within a dark
sandstone matrix. Muscovite is also well developed at some locations, enough to be visible
without a hand lens, and generally appears to lie along the main foliation. Neither tuff nor
chert layers were observed, although chert (commonly in the form of metachert) is an
abundant clastic constituent.
In thin section (Figure 28), the rocks are characterized by abundant chert clasts,
monocrystalline quartz, and variably altered feldspar which consists primarily of plagioclase.
Volcanic clasts are also common, along with epidote and muscovite, some of which appears to
be detrital. Although monocrystalline quartz is present, it makes up less than 30% of the rock.
Some clastic grains appear to be metamorphic but they are of very low grade, and none of the
metamorphic or volcanic clasts were observed to contain actinolite. Overall, this lithology
suggests a sedimentary source which was of continental as well as oceanic affinity.
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Figure 27. Outcrop photograph of well-foliated (TZ 2B) metasediments on Jack Island,
photographed facing east. Note the deformed en echelon vein set which here indicates a topto-southwest apparent sense of shear. Location near JA 3-1.

Figure 28. Photomicrograph showing overall clastic composition on Jack Island (ppl). Note
porphyritic volcanic clast ("vc") and abundance of light brown chert clasts ("ch"). Field of
view is 2.3 x 3.5 mm (ppli Sample JA 1-2.
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Metamorphism

Metamorphic minerals are generally low-grade, consisting of pumpellyite, chlorite,
and white mica, along with prehnite, pumpellyite, calcite, and actinolite occurring with quartz
in deformed veins (Figures 29a-c). However, all of these minerals may not be coeval. Very
fine white mica is associated with the foliation, along with lesser amounts of coarser-grained
muscovite, much of which is intergrown with Fe-rich chlorite. At least some of the muscovite
is probably metamorphic, because many of the grains lie along the foliation and show no
evidence of deformation or overgrowths. However, there is also some coarse muscovite
present which is likely to be detrital. These grains are typically bent and also display white
mica and chloritic overgrowths. Fine-grained pumpellyite is disseminated throughout, but
also locally concentrated within highly altered feldspars. Lawsonite was not observed in any
thin sections.
Fine sprays of actinolite needles along with lesser pumpellyite are concentrated along
the margins of quartz and calcite veins (Figure 29b-c). Intergrown clumps of tabular and
fairly coarse-grained prehnite (Figure 29a) are also well-developed within the same veins.
These veins were generally observed to crosscut the cleavage, so this vein assemblage is
interpreted to have formed late relative to the other (fabric-related) minerals. Less commonly,
actinolite needles were also observed in quartz and feldspar grains within the metagraywacke.
Because of the general lack of subgrain development within these rocks, the
metamorphic temperature associated with fabric development is interpreted to be less than the
thermal boundary for quartz recrystallization (< 250° C; Simpson and dePaor, 1991). The
post-cleavage veins containing prehnite, quartz, calcite, actinolite, and pumpellyite are
interpreted to reflect later (post-cleavage) conditions with possible temperatures of 225 to
325° C and pressures of 1 to 4.5 kbar (Frey, 1991).

59

a

Figure 29. Metamorphic vein minerals in thin section, Jack Island.
a. photomicrograph showing densely matted prehnite with well-developed simple
twinning. Field of view is 2.3 x 3.5 mm (ppl). Sample JA 2-1.
b. photomicrograph showing typical vein assemblage of calcite and quartz, with
linings of actinolite (and pumpellyite?) needles. Prehnite is also common in these veins. Field
of view is 2.3 x 3.5 mm (xpl). Sample JA 4-lb.
c. photomicrograph of fine blades of actinolite, which typically line the vein margins.
This is a close-up of Figure 29b. Field of view is 0.11 x 0.15 mm (ppl). Sample JA 4-lb.
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Structure

Fabric Elements

Lithologic layering (So)- Except for along the southwest point, lithologic layering

(mapped as "So"on Figure 30) is generally south- to southwest-dipping and subparallel to the
main cleavage (Si, described below). At most locations, the original facing direction is
indeterminate and relict sedimentary structures are also absent. However, true bedding (Sq) is
observable on the southwestemmost point, where graded beds appear to be upright and south
facing.
Main foliation (Sj). Si forms the prominent cleavage on Jack Island, and this

foliation is very well-developed and penetrative in all lithologies (see Figure 27). The
assigned Textural Zone is 2B, because the rocks break smoothly along planar, mutually
parallel foliation surfaces but show little evidence of metamorphic recrystallization or mineral
segregation in hand sample. Throughout most of the island. Si is consistently shallow and
south- to southwest-dipping (see Figure 31), except where locally disrupted by later folding
and/or faults.
The Si cleavage shows abundant evidence for pressure solution as the primary
mechanism of formation, and this foliation is axial planar to local microscopic folds of Sq.
Thin sections perpendicular to the foliation show dark seams of dissolution residue, fibrous
overgrowths on quartz and feldspar grains, and corrugated and truncated grain boundaries
(see Figure 32). All of these features are typical of pressure-dissolved surfaces, and Figure
33b also shows the sharp truncations and apparent offsets of lithologic layering that are
indicative of pressure solution. Figure 33d indicates that white mica growth has accompanied
the development of Si, although this foliation also appears to have involved the folding of
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JACKSLAND
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Figure 32. Photomicrographs of Si cleavage, showing evidence for pressure solution.
a. photomicrograph showing oriented fibrous overgrowths on feldspar and quartz grains, and
dark residue surfaces parallel to Si. Field of view is 0.45 x 0.60 mm (xpl). Sample JA 3-6.
b. photomicrograph showing truncated grain boundaries and muscovite parallel to Si. Note
that clear quartz grains (along lower margin of photo) are relatively unstrained. Field of view
is 0.45 X 0.60 mm (xpl). Sample JA 3-6.
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Figure 33. Series of photomicrographs showing relationship between compositional layering,
Si cleavage, and white mica development. Sample JA 1-2, southwest point.
a. tracing of thin section, showing location of photomicrographs. Si is parallel to
long edge of thin section. Actual size.
b. photomicrograph showing apparent offsets of compositional layering and
corrugated grain boundaries typical of pressure solution. Field of view is 3.5 x 2.3 mm (ppl).
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Figure 33 (cont.)
c. photomicrograph of possible fold hinge of So about main foliation. Si is parallel
to the long edge of photo. Field of view is 2.3 x 3.5 mm (ppl).
d. photomicrograph (close-up of c), showing two generations of white mica. Note that
a significant component of very fine mica is disrupted within this hinge, whereas other
(generally coarser) mica appears to be parallel to the main (Si) foliation. Folded mica grains
are interpreted to be probably detrital. Si is parallel to the long edge of photo. Field of view
is 0.45 X 0.60 mm (xpl).
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earlier micas which were possibly detrital and/or associated with an early (compactionrelated?) foliation parallel to SqMost quartz grains display nonexistent to moderate undulose extinction, with only
incipient development of polygonal subgrains. However, recrystallization of the siliceous
minerals is highly variable among individual grains, and some grains (typically chert) are
completely recrystallized whereas most quartz clasts show little or no evidence of
recrystallization or strain (see Figure 32). This variability suggests that at least some of the
clasts may be metamorphic in origin, but some minor recrystallization is considered to be
syntectonic with the main foliation because most of the recrystallized grains do show a
preferred orientation along Si.
Lineations. The most prominent lineations are intersection lineations (Li), which are

formed by the intersection of So on S] surfaces. Most of the measured intersections plunge
gently to the southeast, south, and southwest (Figure 31). There is also a very fine and
straight penetrative lineation (Lii on Figure 31) which typically occurs on Si surfaces. This
lineation is somewhat variable in orientation, but also plunges gently to the south, southwest,
and southeast. Because this lineation was often found to be consistent with nearby measured
Li intersections, it is considered to be a fine-scale intersection lineation of So on Si surfaces.
Finally, there is an L2 which forms a variably spaced (1-4 mm), undulating set of crenulations
on Si surfaces. This lineation is somewhat less variable in orientation than Li and Lh, and
generally plunges south and southwest (Figure 31). Mineral or stretching lineations were not
observed in outcrop.
Figure 31 shows an apparent increase in scatter of Li along the north and east
shorelines. This variability is partly attributed to the fact that the two intersecting surfaces are
nearly parallel and both are very shallow, so their intersections would be strongly influenced
by any small variations and irregularities of Sq/Si surfaces. The scatter of Li lineations along
the north and northeastern shorelines may therefore be more apparent than real. The
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stereoplot of Li lineations also suggests that they lie along a great circle, but it was noted that
this great circle is nearly identical that which is defined by the orientation of average Si
foliation. A fold axis was therefore not fit to this great circle, because this scatter of lineations
along the foliation is again interpreted to reflect pre-cleavage irregularities or minor
disruptions in bedding (see below), rather than post-cleavage folding.

Folds

Possible early folding. There are moderately open, asymmetric folds of bedding that

are very poorly exposed on the southwest point, and these folds are transected by the Si
cleavage. There are also two well-defined sets of Li orientations at this location, which are
formed by the intersection of opposing limbs of Sq with the Si surface. The measured fold
axis at this location is shallow and south-plunging. However, these folds were not assigned a
fold generation because there was no axial planar metamorphic fabric that was observable
either in outcrop or in thin section. These folds are therefore interpreted to represent early
(possibly soft-sediment?) disruptions of bedding.
FI folds. There were several isoclinal Fi hinges that were observed in thin section,

and the main cleavage (Si) appears to be axial planar to these folds (Figure 34; see also
Figure 33). However, there are no folds exposed in outcrop which are clearly related to the
formation of Si, and the scale of most Fi folding must exceed the scale of exposure.
Although Fi folds were not exposed in outcrop, the following structural evidence
provides some constraints on any large-scale Fi fold geometry; (1) the consistently
transposed character of bedding (Sq) and its near-parallelism with Si (as well as isoclinal
folds in thin section) indicate that large-scale Fi folding must be isoclinal; (2) the uniform
bedding-cleavage relationship implies that all of Jack Island must represent a single limb, but
the steepening of bedding relative to cleavage on the southwest point indicates its closer
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Figure 34. Photomicrograph of a possible Fi hinge in thin section. Sq appears to be
isoclinally folded, and the main cleavage (Si) is axial planar to this fold. Si parallels the long
edge of photo. Field of view is 2.3 x 3.5 mm (ppl). Sample JA 3-4b.

Figure 35. Schematic sketch of large-scale Fi folding, facing northwest.
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proximity to a hinge, and also indicates that this forms the lower limb of a syncline; (3)
average Li intersection lineations (Sq on Si) indicate that the Fi axis is probably shallow and
south west-trending; and (4) the generally shallow Si cleavage and the down-dip trend of the
fold axis indicate that the Fi fold is reclined. Figure 35 shows the interpreted schematic
geometry of Fi folding on Jack Island. Following the fold classification scheme of Fleuty
(1964), all of the exposed rocks are interpreted to represent a single lower limb of a gently
south-southwest plunging, isoclinal reclined syncline. The absence of outcrop-scale parasitic
Fi folds is somewhat surprising, but suggests that this folding must be kilometers in scale.
There is also a pervasive set of parallel joints which is well developed at many
outcrops. In general, these joints are steeply north-dipping and east-striking (Figure 31), and
thus appear to be perpendicular to both Si and the inferred Fi axes (as they are defined by
intersection lineations; see Figure 31). It is therefore possible that these joints are coeval with
Fi folding and may reflect extension perpendicular to the fold axes.
F2 folds. The main Si cleavage is gently folded about a gently west-plunging set of

open antiformal axes (F2). This folding of Si was observed and measured in outcrop scale
along both the east and west shorelines (see Figures 31, 36). The pole to a best-fit great circle
of Si defines a shallow west-plunging fold axis of 254/17 W (Figure 31).
Kinematics of Ductile Structures. Keeping the rocks in their present orientation, a

local shortening direction is inferred to be perpendicular to the orientation of the main (Si)
cleavage orientation. For most of Jack Island, di is therefore considered to reflect subvertical
shortening. The general lack of mineral or stretching lineations in hand sample and in
outcrop further suggests that the local strain field that was associated with di was one of
apparent flattening.
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Figure 36. Outcrop photograph of west-plunging F2 fold. Photographed facing eastnortheast. Note the set of quartz-filled joints in lower right. These joints are very common on
Jack Island, and appear to be perpendicular to FI fold axes. Location 20 m southwest of JA
3-5, west point.
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Faults

Measured fault planes. The faults on Jack Island showed complex age relations and

unfortunately, striae were not visible at many outcrops, so the data which would constrain
fault kinematics are very limited. However, crosscutting relations did allow the differentiation
of at least two (and possibly three) stages of faulting.
Stage I/II faults. The oldest faults ("Stage I") are generally northwest-striking with

shallow to moderate southwest dip. These faults are often heavily veined and typically follow
the cleavage, although they were also observed to crosscut and disrupt the Si foliation.
Unfortunately, measurable fault striae were difficult to identify along many fault surfaces, due
to the incompetent rock type and the strong fault-parallel foliation. As a result, kinematics
were very unclear but Stage I faults appear to be thrust top-to-northeast at some locations.
Other faults have a more complicated sense of apparent motion, in which the main cleavageparallel faults anastomose into lenses with more steeply south-dipping bounding surfaces
(Figure 37). Overall, the most recent sense of motion along these anastomosing structures
appears to be normal (top-to-southwest). The normal faults are interpreted to be possibly
reactivated Stage I thrusts, and are tentatively assigned to "Stage II" (Figure 38a).
Stage III faults. There is an abundant set of moderately south-dipping to very steep,

generally northwest-striking faults that typically crosscut the shallow Stage I/II structures.
These faults are designated "Stage III". Although some faults in this orientation display a
down-to-south component, slickensides are primarily shallow and drag folds show
predominantly left-lateral motion (Figure 38b). Both steep and shallow slickensides were
observed along one moderately southeast-dipping fault surface, which showed normal (topto-south) as well as strike-slip motion. Although the slickensides did not crosscut one another,
the presence of these two nearly perpendicular sets suggest that the normal (Stage II?) and
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Figure 37. Outcrop photograph of anastomosing Stage I/II faults, facing south. The most
recent sense of shear along these faults appears to be top down to west. Note fault-parallel
deformed veins in lower left of photo. These veins may post-date the folded vein set that is
within the faulted block. Location near JA 4-3, northwest shoreline.
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Figure 38. Stereoplots of fault data and kinematic analysis. Jack Island. Plots on the left are
of faults and striae. Solid great circles indicate strike and dip of measured fault planes, and
small dots indicate trend and plunge of measured striae. Small arrows indicate sense of shear
(foot wall fixed). Small open dots with arrows indicate trend and plunge of other striae that
were measured on the same fault surface, but that are interpreted to represent a different stage
and were not analyzed with this set. Dashed lines are measured fault planes, without
measurable striae. Plots on the right show derived P axes (black circles) and T axes (open
squares). Large "P" and "T" indicates average location (trend and plunge) of derived axes.
Fault plane solutions ("beach balls") were derived only for fault sets that appear to be
kinematically consistent. All plots equal area.

a. Stage I/II faults
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strike-slip components of motion were separate in time and that this particular surface is
probably reactivated.
Other faults. There are also common high-angle faults which are west- to southwest-

striking, with moderate to steep south and westward dips. These faults are plotted on Figure
38c as "Other faults" because kinematics were not resolved along any of these structures.
Crosscutting relations were mixed with respect to Stage III faults, but these relatively highangle faults were found to crosscut the shallower faults at several locations, so at least some of
these faults are known to postdate Stage I/II faulting. Apparent motion along these faults is
also variable, but in general, drag folds along the east-west striking faults indicate a normal
(south-down) sense of apparent motion, whereas drag folds along the north-south striking
faults indicate a generally reverse sense of apparent motion. A drag fold hinge was measured
along one of the southwest-dipping faults, in order to derive a general (though imprecise)
shear direction. The perpendicular to this fold hinge along the fault surface indicated reverse
motion.
Fault Kinematics. Stage I/II faults. Data are very limited, but the plot of shallow

faults with measurable striae (Figure 38a) shows significant scatter of P and T, as well as
overlap of these fields. This means that all of the plotted "Stage I/II" faults are not
kinematically compatible. More data would help to resolve this, but these plots do suggest that
there are mixed generations, with possible reactivation since the fault planes are themselves
very similar in orientation. This is one basis for considering the shallow faults to be "Stage
I/II". Data was too mixed to make any conclusions about Stage I/II faulting.
Stage III faults. Although there is some scatter, the plot of steep strike-slip faults plots

shows consistently shallow P and T axes, which are northeast-trending and southeast-trending,
respectively. Measured striae were very limited, but the fact that both of the P and T axes are
subhorizontal indicates that the faults have probably formed within a strike-slip regime, and
this regime has possibly involved NE-SW shortening and NW-SE extension.
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Other faults. This set was not analyzed due to lack of data. However, the orientations

and apparent motion along the fault planes suggest that the west-striking normal faults may
have formed due to N-S extension, and the north-striking reverse faults may have formed due
to E-W shortening.

Veins

Several generations of veins form conspicuous elements on Jack Island. Although
they were divided into two general sets ("deformed" (Vi) and "undeformed" (V2)), it is very
likely that there are more than two generations, but their age relations were not resolved. The
Vi veins form a thick and pervasive set of veins that generally follow the cleavage, but these
veins are also highly deformed at many locations. Some of the V1 veins appear to be
associated with Stage I/II faults (Figure 37), but this same figure also suggests that there may
be another set of veins (also deformed) that is separate from and predates the fault-parallel
set. Other deformed veins are shown in Figure 39a, and these veins contain quartz, calcite, and
prehnite, with actinolite needles with minor pumpellyite. These veins generally crosscut the
cleavage and although they are typically folded, these folds also crosscut and disrupt the
cleavage. Other veins appear to be deformed en echelon features, and these sets generally
indicate a normal (top-to-west and southwest) sense of motion (Figure 27; 39b). However,
most of these veins were very deformed, so they were not measured for kinematic analysis
and a lack of detailed observations on their crosscutting relations requires that all of these
veins be grouped as "Vi". A more detailed study of the deformed early veins would be very
important, in order to more precisely determine their relative timing and particularly their
associated metamorphic minerals.
A second set of veins (V2; Figure 39b) are relatively undeformed, and are composed
primarily of quartz and calcite. Some appear to occur as individual planar extension veins
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Figure 39. Outcrop photographs of veins on Jack Island.
a. deformed (Vi) veins, photographed facing east. Location JA 3-3.
b. outcrop photograph of relatively undeformed en echelon (V2) quartz veins,
showing the mixed kinematics that were typical of this generation. Vein set crossing the
horizontal axis indicates dip-slip (top-to-northwest) shear, whereas the veins at the base
of the outcrop indicated strike-slip (left-lateral) shear. Cross-cutting relations were also mixed
among the dip-slip vs. strike-slip vein sets. Photographed facing southeast. Location south of
JA 3-3.
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(possibly associated with joints; see Figure 36), and others form well-developed en echelon
sets. It appears that the V2 veins may also include more than one generation, because they
indicated a variety of shear directions and were also locally observed to crosscut one another.
However, there were inconsistent age relations at individual outcrops, so for the purposes of
this study they were treated as a single group. More detailed study of the V2 veins would also
be important, in order to determine their relative ages and associated kinematics.
Vein kinematics. Relatively undeformed veins that displayed clear en echelon

relationships were the only sets measured for kinematics. Preliminary plots of the derived
shear directions suggested that there are at least two populations, so these were split and
plotted separately as "strike-slip veins" and "dip-slip veins". Among the strike-slip veins, those
sets that indicated right-lateral motion were steep and northeast-dipping, and were bound by
east-west striking steep shear planes. En echelon veins that indicated left-lateral shear were
generally northwest-striking with moderate to near-vertical southwest dip, and were bound by
north to northwest striking shear planes with variable dip. Derived shear directions for both
of these sets were generally shallow, with right-lateral shears trending west and left-lateral
shears trending northwest and southeast. The vein sets that indicated dip-slip motion were
generally northwest-striking and steep, but derived shear directions were variable.
Plots of the en echelon veins with strike-slip motion show fairly good clustering of P
and T axes, with a mean P that is moderately shallow and northwest-trending, and an average
T that is very shallow and southwest-trending (Figure 40). These plots suggests that overall,
the en echelon veins indicating strike-slip shear have occurred as a result of NW-SE
shortening and NE-SW extension.
The en echelon vein sets showing dip-slip motion are scattered with respect to P and
T, and were therefore not analyzed further. This suggests that these veins may still represent
mixed generations of veins.
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a. strike-slip shear

b. dip-slip shear

Figure 40. Kinematics of en echelon (V2) veins. Jack Island. Stereoplots on the left show
strike and dip of shear planes for en echelon vein sets. Solid lines (great circles) indicate strike
and dip of bounding shear planes. Small arrows indicate trend and plunge of derived shear
directions. Direction of arrows indicate sense of shear, foot wall fixed. Plots on the right show
derived P axes (black circles) and T axes (open squares). Large "P" and "T" indicates average
location (trend and plunge) of derived axes. Fault plane solutions ("beach balls") were derived
only for foult sets that appear to be kinematically consistent. All plots equal area.
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Kink folds

There is a well-developed set of conjugate kink folds that deform Si, and they are
particularly well-exposed along the south and northeastern shorelines. Figure 41 shows a plot
of the measured kink folds, along with their derived stress axes. Kinks that show dextral
rotation ("z") are generally northwest-striking, with axial planes that dip steeply to the south.
Where measured, hinges of the z-folds were very shallow and east-southeast-plunging. The
kink folds with sinistral rotation ("s") are generally northeast-striking, with axial planes that
dip steeply northward. Measured hinges for the s-folds were shallow and southwest-plunging.
The derived stress axes for the conjugate set of kink folds suggest that during the time
of their formation, the ol component (parallel to the foliation plane) was very shallow and
south-southeast trending. The derived o3 component was moderately east-plunging, and a2
was moderately west-plunging. This indicates that the kink folds may have formed under
conditions of subhorizontal north-south shortening and east-west extension.

Kinematics and relative timing offaults, veins, kinks, and F2 folds

Table 2 provides a summary of the brittle structures observed on Jack Island with
their associated kinematics, but the relative timing of some of the structures remains unclear.
Field relations indicate that at least some of the Vi veins are related to the Stage I/II normal
faults, and both were observed to indicate a normal (top-to-west and south) sense of motion in
outcrop. However, very few Stage I/II faults yielded striae and this vein set was also not
measured, so this relationship could not be proven without more data. Kinematics of the V2
(strike-slip) veins appear to be quite different from the steep Stage III faults, although both
suggest a strike-slip origin. This is also difficult to explain, although data was very limited for
Stage III faults ^md more detailed study might help to resolve this.

81

Figure 41. Kink fold analysis, Jack Island. Solid lines are measured axial planes of kink
folds. Dextral and sinistral indicates sense of rotation parallel to cleavage. Black dots indicate
location of derived stress axes (sigma 1, sigma 2, and sigma 3). Equal area.
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Table 2. Brittle Structures, Jack Island
Structural Element

Orientation, sense of motion
and/or rotation

Stage l/II faults

shallow southwest-dipping faults
(cleavage-parallel);
thrust and normal apparent
motion

En echelon veins

dextral shear planes:
east-west striking, steep
sinistral shear planes:
northwest striking,
moderate to steep dip

Stage III faults

Kinematics

(mixed)
--not analyzed-

P: moderately shallow,
NW-trending
T: shallow, SW-trending

Strike-slip regime?

dip-slip shear planes:
variable

—not analyzed —

steep, variably east-west striking
faults; left-lateral
strike-slip motion

P: shallow, NE-trending
T: shallow, SE-trending
Strike-slip regime

Kink folds

Other faults
uncertain age relations

dextral rotation:
strike NW, steep S dip
hinges: shallow, ESE plunge

al: shallow, SSE-plunging
o2: moderately W-plunging
a3: moderately E-plunging

sinistral rotation:
strike NE, steep N dip
hinges: shallow, SW plunge

N-S shortening, E-W extension
(strike-slip regime?)

Steep north-south faults:
reverse motion?

— not analyzed —

Steep east-west faults:
normal/oblique motion?
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It is notable that there is a close similarity between the derived kinematic axes for the
measured V2 (strike-slip) veins on Jack Island and the Stage III (strike-slip) faults on Guemes
Island (see Figure 20c). These plots have very similar mean P and T axes, which suggests that
these structures may be of similar age and kinematics. The only structures that may be
kinematically compatible with the kink folds are the east-west trending folds of cleavage,
which also reflect north-south shortening. However, it is important to note that this
relationship was not observed on other islands (see following sections on Eliza and Samish
Islands).

Summary

The deformational history for Jack Island is summarized on Table 3. There is thin
section evidence for folding related to the main cleavage (Si) but in general, the scale of Fl
folds related to the main cleavage (Si) appears to be larger than island-scale. There are at
least two (and possibly three) generations of faulting, in which early shallow thrust and
normal faults are generally crosscut by steep structures. Only two generations of veins were
differentiated in the field, but cross-cutting relations within the first set (Vi) and mixed
kinematics among the second set (V2) indicates the presence of at least four generations.
However, at least one set of V2 veins showed fairly clear kinematics that indicate they are
strike-slip in origin. The kinematics of late (post-cleavage) structures on Jack Island appear to
be very complex, but the overall structural regime appears to have involved subvertical
shortening which was followed by strike-slip kinematics. There is also some evidence for an
extensional regime (top-to-west and south) that may have separated these two periods.
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Table 3. Deformation History, Jack Island
Kinematics

Deformation Events

do

early disruption of bedding produces transected folds
on SW point; possible early bedding-parallel
(compaction-related) foliation?

dl

Isoclinal FI folding of Sq
produces main
cleavage

Z: subvertical NE-SW
(perpendicular to Si)

dl

Stage I faults
(thrust motion?)

—not analyzed—
Compressional kinematics?

d3

—not analyzed—

Stage n faults
(normal motion)
Reactivation of Stage I faults?

Extensional kinematics?

Stage ni faults
(strike-slip motion)

NE-SW shortening
NW-SE extension
Strike-slip kinematics

postd3

NW-SE shortening
NE-SW extension

En echelon veins (V2)
(strike-slip shear only)

Strike-slip kinematics

N-S shortening
E-W extension

Kink folds

Strike-slip kinematics?

N-S shortening

Open F2 folds of Si cleavage
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EUZA ISLAND

Lithology

Eliza Island is made up of three points of bedrock, each of which exposes variably
foliated metasedimentary rocks. The central portion of the island, which connects these
points, is entirely overlain by glacial deposits. The northern point exposes thinly interbedded
and locally folded layers of weakly foliated (TZ 2A) metagraywacke, metasiltstone, and
phyllite which range from a few millimeters to several meters in thickness. The western point
is predominantly medium-grained metagraywacke with somewhat less abundant, generally
thicker interbeds of metasiltstone. Foliation is generally more well-developed (TZ 2A-t-) than
on the north point. The rocks exposed on the south point are even more reconstituted (TZ
2A+ to TZ 2B), but otherwise very similar to those of the north, consisting of tightly to

openly folded metagraywacke with interbedded fine-grained layers which appear to increase
in abundance to the north and south. In general, these rocks are interpreted to represent
oceanic shelf-derived turbidites (Figure 42).
Thin sections show that the rocks are lithic-quartzofeldspathic in composition, and
consist primarily of subangular clasts of quartz, chert, plagioclase, and volcanolithic
fragments, along with lesser amounts of hornblende, pyroxene, potassium feldspar, and
opaques (Figure 43). There is also abundant white mica and chlorite, as well as minor epidote
and sphene, and some of these minerals appear to be detrital. Quartz clasts are variably
recrystallized, which suggests that at least some of the quartz may be metamorphic in origin.
Overall, this composition indicates a mixed source area of continental as well as oceanic
affinity, rich in chert and metavolcanic rocks along with minor granitic intrusives.
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Figure 42. Outcrop photograph of TZ 2A+ metasediments, showing the well-preserved
turbidite layering that is typical of rocks on Eliza Island. Photographed facing southwest.
Long edge of photo is approximately 0.5 m. Location near EL 3-5, south point.

Figure 43. Photomicrograph showing the overall clastic composition on Eliza Island. Chert,
monocrystalline quartz, and feldspar make up the dominant clastic constituents. Note the
truncation and apparent offsets of the quartz vein due to pressure solution along Si. Field
of view is 2.3 x 3.5 mm (ppl). Sample EL 1-7, north point.

Figure 43.
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Metamorphism

Metamorphic minerals include white mica, chlorite, actinolite, pumpellyite, prehnite,
calcite, and very fine lawsonite, but all of these minerals may not be coeval. Early deformed
veins (Figure 44a) contain quartz, calcite, actinolite, and minor pumpellyite. These veins are
typically folded about and truncated by the main foliation, and quartz within the veins is
locally strained and recrystallized parallel to the main foliation (Figure 44b). These veins
therefore appear to predate the main cleavage. White mica forms a very abundant
metamorphic mineral throughout the rocks, and is associated with the main foliation (Figure
44a). Extremely fine-grained lawsonite forms very fine wedges that appear to be concentrated
within feldspar grains, but are also widespread throughout the rocks. Due to its very fine grain
size, it was impossible to determine whether the lawsonite is directed along any orientation or
not, but its general absence within the post-cleavage veins suggests that it probably predates
these veins. Pumpellyite also occurs, and is typically concentrated within feldspar grains as
well. Another set of veins is also composed of quartz, prehnite, calcite, and very fine needles
of actinolite (similar to the earliest veins). However, these veins crosscut the cleavage.
Actinolite was only rarely observed outside veins, but it does appear to crosscut the foliation
of at least one other sample (Figure 44a).
Based on these observations, there appears to be more than one possible “event” of
metamorphism. The deformed quartz and calcite veins (generally bedding-parallel) appear to
be the earliest, because they are folded about the main cleavage. The widespread white mica
appears to have formed during the deformation that was associated with cleavage
development. Lawsonite is interpreted to have possibly formed during this event as well,
because it was not observed in veins. The onset of subgrain development within some of the
early veins, but the general lack of quartz recrystallization elsewhere suggests that
temperatures during fabric development were fairly close to the thermal boundary for quartz
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Figure 44. Metamorphic minerals in thin section, Eliza Island.
a. photomicrograph showing oriented white mica, parallel to the main foliation. Note
large amphibole (upper center) which is not parallel to foliation, and which may postdate Si.
Actinolite (“act”) in lower right may be syntectonic. Note also the curved quartz
overgrowths on black pyrite grain (lower right), which are generally subparallel to the main
foliation. Although relatively minor, the presence of these curved overgrowths indicates a
local component of noncoaxial strain. Field of view is 0.45 x 0.60 mm (xpl). Sample EL 1-2,
north point.
b. photomicrograph showing the predominant metamorphic assemblage for Vi veins.
Quartz, prehnite, calcite/aragonite, and fibrous needles of very fine actinolite with lesser
pumpellyite are very characteristic of the relatively early, deformed veins. Note that quartz is
moderately strained. Subgrains that have developed elsewhere in this vein are parallel to the
main cleavage. Field of view is 0.45 x 0.60 mm (xpl). Sample EL 2-7, west point.
c. photomicrograph under higher magnification, showing the fine needles of
actinolite shown in Figure 44b. Very small prisms of pumpellyite(?) may also be present near
the left margin of the photo, and along the upper left margin of the vein. Field of view is 0.11
X 0.15 mm (ppl). Sample EL 2-7, west point.
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recrystallization (approximately 250° C; Simpson and dePaor, 1991) , and the possible
presence of lawsonite indicates that pressures may have exceeded 3 kbar. The pre- and post
cleavage veins of prehnite, quartz, and actinolite +/- pumpellyite indicate broadly similar (but
lower pressure?) conditions, with possible pressures of 1 to 4.5 kbar and temperatures of 225
to 325° C (Frey, 1991).

Structure

Fabric elements

Bedding (Sq)- Relict bedding (Sq on Figure 45) is well preserved at many locations

and graded beds are very common, particularly where bedding is at a high angle to cleavage.
At the locations where facing directions can be determined. So is commonly (but not always)
overturned when north-dipping (Figure 46).
The possibility exists that there may be a very weak, early bedding-parallel foliation,
but this possible "fabric" was not assigned a number because it did not form a measurable
feature in the field and could not be related to any clear deformational events. It is most
evident in thin sections where bedding intersects cleavage at a high angle; these sections
typically show irregular, possibly pressure-dissolved surfaces along grain boundaries and thin,
dark, tightly folded surfaces that might be residue selvages (Figure 47a). A thin section from
the south point also shows a rootless fold of relict bedding, in which the axial plane lies
parallel to compositional layering rather than the main cleavage (Figure 47b). These factors
suggest the possibility of an early fabric parallel to bedding, which is possibly compactionrelated.
Main foliation (Si). Eliza has one very well-developed cleavage (Si) which varies in

intensity, but is penetrative in all lithologies and appears to be axial planar to an abundant set
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Figure 45. Map of bedding (Sq), lithologic layering (Sq/Sj), and
fold hinges on Eliza Island. Line A-A' indicates
location of cross-section shown in Figure 5S, projected parallel to Fi fold axes.
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Figure 46. Outcrop photographs of upright and overturned folded bedding (Sq)
a. north-facing upright bedding, within a northeast-vergent ("s”) fold. Photographed
facing east. Location near EL 3-9, south point.
b. north-facing overturned bedding, within a southwest-vergent ("z") set of folds. This
is the only southwest-vergent folding observed on Eliza. Photographed facing east.
Approximately 10 m north of EL 3-3, south point.
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Figure 47. Photomicrographs showing possible early, bedding-parallel foliation.
a. photomicrograph showing high-angle intersections of S\ and So, with possible
residue surfaces parallel to Sq- Bedding (Sq) is subhorizontal and Si follows the vertical axis
of this photo. Field of view is 0.45 x 0.60 mm (ppl). Sample EL 4-3, north point.
b. photomicrograph showing possible rootless folds of Sq transected by Si. Note that
the axial plane of this fold is parallel to compositional layering (Sq), rather than the main
foliation (vertical in this photomicrograph.) Field of view is 2.3 x 3.5 mm (ppl). Sample
"Eliza 3", specific location unknown (south point).
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of Fi folds (described below). Although it is locally disrupted by faulting. Si is generally
shallow and dips to the east and southeast (Figure 48). In thin section, the main foliation is
defined by subparallel dark residue selvages, truncated clasts of quartz and feldspar with
irregular pressure-dissolved boundaries, and very fine white mica parallel to Si (Figures
49a,b). Apparent offsets and truncations of lithologic layering and veins are also very
common (Figure 49a; also Figure 43). Undulatory extinction in quartz is generally weak to
nonexistent, although there is very localized quartz recrystallization and subgrain
development which is primarily concentrated in veins (Figure 44b). Overall, pressure solution
appears to be the dominant cleavage-forming mechanism for S i, along with the
recrystallization of oriented white mica, chlorite, and fibrous quartz/albite overgrowths on
quartz, feldspar, and pyrite grains.
From north to south, there is an apparent increase in the intensity of the main
foliation within sandstone layers of similar grain size. Although the main foliation on the
north point forms a fairly well-defined and mappable fabric, the main foliation on the west
point is better developed. On the southernmost point, the cleavage becomes even more
strongly penetrative, and the metagraywacke breaks readily along smooth, planar surfaces.
Assigned textural zones range from TZ 2A on the north point, to TZ 2A+ in the west and
northernmost portion of the south point, to TZ 2B near the south end of the south point
(Figure 48).
Transposed lithologic layering (Sq/Sj). The original bedding (Sq) has been

transposed into cleavage-parallel layering at a number of locations, and there is an apparent
increase in the intensity of this transposed layering from north to south. The north point
displays only localized, incipient transposition, with discontinuous, wispy, threads of fine
grained cleavage-parallel layers which fan out at a moderate angle to the original bedding
(Figure 50). This effect is somewhat more pronounced along the west point, leaving
centimeter-scale isoclinal rootless folds, relict hinges, and isolated boudinaged limbs. Along
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Figure 48. Map of main cleavage (S^), second cleavage (S2), and F3 folds on Eliza Island.
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Figure 49. Main (Si) foliation in thin section.
a. photomicrograph of main foliation (Si), showing dark seams of dissolution
residue, truncated and offset layering, and pressure-shadow overgrowths on quartz grains that
are typical of pressure solution. Field of view is 2.3 x 3.5 mm (ppl). Sample EL 2-1, west
point.
b. photomicrograph of Si foliation, showing abundant white mica parallel to
foliation. Quartz overgrowths on pyrite are relatively straight, and are also oriented
subparallel to SI. Epidote to the right of the pyrite grain may be detrital. Note that most of
the monocrystalline quartz (clear grains) have corrugated boundaries but are internally
unstrained. Si is subvertical and bedding (Sq) is subhorizontal in this photo. Field of view is
0.45 X 0.60 mm (xpl). Sample EL 3-7, south point.
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Figure 50. Outcrop photograph showing incipient transposition layering (Sq/Si). Thin black
lithologic layers are transposed parallel to main cleavage (Si, parallel to pen) rather than to
relict bedding (Sq)- Note discontinuity of sandy layers in upper right comer. Location 1-6,
north point.

Figure 51. Outcrop photograph showing spaced second cleavage (S2). Note that lithologic
layering is transposed at this location (Sq/Si) so that it is parallel to S] along the lower
margin of the photo. Note also that thrust faulting and associated veins (described in later
section) are subparallel to but disrupt the main cleavage (Si), and folds of veins (above fault)
appear to have axial planes that are parallel to Si but not S2- Photographed facing east.
Location near EL 4-3, south point.
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the south point, there is commonly (but not everywhere) a very strong, cleavage-parallel
compositional layering, which has transposed all original bedding structures. At most
locations where this has occurred. Si appears to form the transposing cleavage.
Second cleavage (S2). There is a variably developed second cleavage (S2) that is

observable at only very limited outcrops, primarily on the south point (Figure 51). Generally,
this foliation forms a weak, spaced crenulation that is most obvious within the coarser-grained
graywacke lithologies of TZ 2B. There were no folds observed in outcrop that have S2 as an
axial planar cleavage.
Lineations: Most lineations occur on Si surfaces, and typically have a shallow

eastward plunge, although there is considerable scatter on the south and west points (Figure
52). The most prominent are intersection lineations (Li) formed on Si, where the main
foliation is intersected by bedding (Sq). Along the southeastern shoreline, there is a faint,
highly localized mineral lineation which is formed by elongate quartz and feldspar clasts
within coarse-grained graywacke. This is also a shallowly east-plunging lineation, and is
interpreted to be Li because it parallels the nearby intersections and fold axes. There is also
a dark lineation which occurs on coarse-grained metasandstone from the north point. In hand
specimen, this appears to be a mineral lineation, but thin sections (see Figure 47a) showed that
the lineation is actually formed by the high-angle intersection of So with Si residue surfaces.
This lineation is therefore considered to be an L] lineation as well, and plunges gently to the
east, parallel to the other measured Li intersections. Finally, there is a pronounced lineation
which occurs where crenulated vein surfaces (V1, described below) intersect the main
cleavage. These lineations are much more variable in orientation than are the Li intersections
(Figure 52), and are possibly related to local shear.
Most intersection lineations (Li) are subparallel to measured F] fold axes (Figure
52), but there is considerable scatter along the southernmost shoreline. These more variable
intersections trend southeast to southwest, and are also generally steeper than most of the
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Figure 52. Map of lineations on Eliza Island. F| hinges shown on stereoplots are mapped on Figure 48.
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other east-trending L] lineations. The scattering of cleavage/bedding intersection lineations
on the south point are interpreted to indicate the presence of early (pre-Fi) folds that are
refolded by Fi.

Folds

Early disruption. Exposed on the north and south point, there are localized

occurrences of cm-scale folds, truncations, and offsets of bedding across which the main
foliation remains undisrupted (Figure 53; see also 50a). There does not appear to be any
metamorphic fabric related to these folds, and there is also no apparent drag or evidence of
brittle shear across truncated lithologic contacts. These structures are interpreted to predate all
later deformation, and are attributed to soft-sediment processes. On the west point, there is
also geometric evidence for pre-cleavage disruption of bedding, because the poles to bedding
do not appear to lie on the same great circle that is defined by average cleavage (Figures 45
and 48). Bedding on the west point therefore appears to have been disrupted (rotated?) on a
much larger scale, prior to cleavage development.
Fj folds. F] folds are very common in outcrop, and form the dominant set of folds

observed on Eliza (see Figure 54; also Figure 46). They are well-exposed on both the north
and south points, and are typically 0.5 to 2 m in amplitude. F] folds are generally tight to
open, gently inclined, and almost all are northeast-vergent with hinges that plunge gently to
the east (Figure 52). Figure 46b shows the only Fi fold that was observed in outcrop with
southwest vergence. The main cleavage (Si) is axial planar to these folds, and most (but not
all) have overturned north-dipping long limbs, with south-facing upright bedding that forms
the steep short limb.
A pervasive set of joints is also well-developed at many outcrops, and these are near
vertical and north-striking (Figure 54b). The Joints appear to be geometrically related to Si,
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Figure 53. Outcrop photograph showing early disruption of bedding. Note that cleavage is
continuous through truncated beds in center right. Photographed facing northeast.
Approximately 200 m northeast of EL 3-1, south point.
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Figure 54. Fi-related structures on Eliza Island.
a. outcrop photograph of Fi fold. Note transposed (cleavage-parallel) layering along
the base of this outcrop. Photographed facing east, bedding faces south. Location near EL 15, north point.
b. outcrop photograph showing the pervasive and well-developed joints which
generally appear to be perpendicular to Si cleavage and Fi fold axes. Photographed facing
south. Location near EL 3-9, south point.
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because they are perpendicular to S] as well as observed and inferred Fi fold axes, (see
Figure 48). The joint sets are therefore interpreted to be related to Fi folding (similar to
observations on Jack Island).
The facing directions of bedding, the asymmetry of Fi folds, and cleavage-bedding
angles appear to define a map-scale reclined fold on Eliza. The axial plane of this fold is
parallel to the main cleavage (Si), with an east-plunging fold axis (parallel to mesoscopic Fi
folds and Li; Figure 52), and this map-scale Fi is then folded by upright F3 folds (described
below). The north point is inferred to be near the Fi hinge because bedding is typically at a
very high angle to cleavage, and the overall consistent sense of asymmetry among most of the
visible F] folds suggests that most of the other areas follow a single limb of the map-scale
fold. However, it is unclear whether this represents an upper or lower limb, because there are
several possible interpretations of facing directions and vergence data from the west and south
point (Figures 55a-c).
Figure 55b shows one possible interpretation, in which the west and most of the south
point form part of the map-scale upper limb. This interpretation would be consistent with the
predominance of northeast-vergent folds, and implies that the changes in facing direction are
caused by refolding of an earlier generation of isoclinal folds. However, there was no outcrop
evidence for an early (pre-Fl?) set of isoclinal folds (with axial planes parallel to bedding).
There is also no penetrative foliation that appears to have accompanied the implied isoclinal
folds, although there is some minor petrographic evidence for a very weak, early, beddingparallel foliation (described above).
A second interpretation (Figure 55c) places the west and south point on southwestvergent parasitic folds of a map-scale lower limb, all of which are folded by upright F3 folds.
This interpretation satisfies the predominance of north-facing bedding, as well as cleavage
bedding relationships and most vergence data, and it is particularly attractive because it does
not require an earlier phase of folding. The most significant problem with this interpretation
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is that it does not explain the predominance of northeast vergence within the small-scale Fi
folds. Instead, it implies that the observed northeast-vergent (“s”) folds must be part of a
larger-scale set of southwest-vergent (“z”) folds, although the vergence does not change
consistently across the hinge of the larger-scale folds. Thus, there appear to be s-folds along
some limbs where one would expect to see z-folds. One possible explanation is that these
folds may reflect northeast-vergent shear along the lower limb (similar to that which is
described in Ramsay and Huber, 1983), and that progressive shear has produced apparent sfolds from an original set of (lower-strain) z-folds.
There is also a third possibility that the abundance of northeast-vergent folds may
reflect a large-scale northeast-vergent shear zone. However, there is at least one fold with
opposing southwest vergence (Figure 46b), and the fabric almost everywhere on Eliza
indicates flattening with very few apparent stretching lineations or other evidence of shear
and/or high strain. These factors seem to preclude that the fabric and folds have developed
within a large-scale shear zone, unless most of the component of simple shear was
accommodated elsewhere.
In summary, the north point appears to be near the hinge of a large-scale Fi fold, but
it is unclear whether the west and south points form the lower or upper limb of this fold. In
any case, this map-scale folding is one possible explanation for the general southward
increase in transposition, as well as the southward increase in intensity of the main cleavage
from Textural Zone 2A to Textural Zone 2B on the south point. The increasing strain may
be the result of moving southward along a limb (and away from the hinge) of the inferred
large-scale F] fold. Alternatively, it could also be simply due to increasing metamorphic
grade to the south.
F2 folds. There is an intermittent S2 foliation, so an F2 phase of folding is inferred.

However, there were no F2 folds observed (in outcrop or in thin section) that appear to have
S2 as an axial planar cleavage.
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Fs folds. There are upright, open F3 folds of cleavage that are observable at several

locations (Figure 56), and measured fold axes are shallow and east-plunging (Figure 48).
Map-scale changes in S1 foliation from north to south are also suggestive of east-west F3
folding (Figures 48 and 55a), and a best-fit great circle of poles to cleavage appears to define
a map-scale open, upright antiform (F3) with a gently east-plunging axis (279/14 E).
Kinematics of Ductile Structures. Keeping the rocks in their present orientation, a

local Z-direction is inferred to be perpendicular to the orientation of the main (Si) cleavage.
For most of Eliza Island, di is therefore considered to reflect subvertical shortening. The
general lack of mineral or stretching lineations, as well as straight fiber overgrowths on
detrital grains further suggest that the local strain field mainly involved apparent flattening.
The S2 foliation was only intermittently expressed in outcrop, and measured attitudes were
not consistent enough to make any conclusions about the kinematics of this deformation.

Faults

Measured fault planes. In almost all cases where crosscutting relations were observed,

there are high-angle structures which crosscut low-angle faults. Measured faults were
therefore separated into two stages. However, the variable dip and mixed kinematics of the
earliest faults suggest that there may actually be more than two stages of faulting.
Stage 1 faults. Early faulting ("Stage I"; Figures 57a and 58a; see also Figure 51) is

along variably oriented (but generally low-angle) fault planes that clearly disrupt and
therefore postdate the foliation. Stage I faults are typically crosscut by steeper (Stage II)
structures in places where these relations were observable. Many of the early faults are heavily
veined. South- and northeast-dipping fault planes show primarily a normal sense of motion,
in their present orientation. Gently east-dipping faults are less common. North-dipping fault
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Figure 57. Outcrop photographs of Stage I and II faulting.
a. Stage I fault, with en echelon veins. Measurable striae were not available along this
fault, but the en echelon veins indicate a top-to-southeast sense of apparent motion. This is
very different from top-to-north apparent motion shown in similarly oriented faults (compare
with Figure 51), and suggests possible reactivcation of at least some of the shallow, cleavageparallel faults. Photographed facing north. Location 10 m south of EL 3-3, south point.
b. Stage II fault. Striae were not observable along this fault, but the lack of any
significant vertical offset along the disrupted veins suggests that it is primarily a strike-slip
structure. Photographed facing west-southwest. Location EL 3-5, south point.
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a. Stage I faults

northeast- and south-dipping
normai and oblique faults only

Figure 58. Stereoplots of fault data and kinematic analysis, Eliza Island. Plots on the left are
of faults and striae. Solid great circles indicate strike and dip of measured fault planes, and
small dots indicate trend and plunge of measured striae. Small arrows indicate sense of shear
(foot wall fixed). Dashed lines are measured fault planes, without measurable striae. Plots on
the right show derived P axes (black circles) and T axes (open squares). Large "P" and "T"
indicates average location (trend and plunge) of derived axes. Fault plane solutions ("beach
balls") were derived only for fault sets that appear to be kinematically consistent. All plots
equal area.
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planes also occur, but motion along these faults appears to be complex and their most recent
motion is highly oblique. These faults are possibly reactivated by later kinematics.
Stage II faults. More recent faults ("Stage II"; Figure 57b) disrupt the cleavage, as well

as the shallower Stage I faults. These faults are typically steep, but strike varies from northwest
and north to northeast. Measurable striae were very limited, but fault drags indicate strike-slip
(primarily left-lateral), reverse, and normal apparent sense of motion. In general, the northstriking faults showed a reverse component of motion, whereas the west- and northweststriking structures indicated strike-slip and normal (south-down) apparent motion. Offsets are
variable, from relatively minor (centimeter- to meter-scale) to large (outcrop-scale and
larger).
Fault kinematics. Stage I faults. The plot of the north- and south-dipping Stage I

faults (Figure 58a) shows significant scatter of P and T, although the general clustering of
most T axes and the limited spread of P axes suggests that most of the north- and south
dipping faults may be kinematically compatible. The fault plane solution indicates a relatively
steep average P axis, and an average T axis which is very shallow and south-plunging. This
relationship suggests an early phase of faulting that involved subvertical shortening and
north-south extension.
The only thrust fault that was measured was clearly not kinematically compatible with
the other Stage I faults, so this was not included in the kinematic analysis for Stage I.
However, many other cleavage-parallel faults were also observed with deformed veins that
indicated thrust motion (generally top-to-north and northeast; see Figures 51 and 59).
Unfortunately, measurable striae are very rare so these faults could not be analyzed. It is
possible that these are early compressional structures, similar to what was observed on Jack
Island and that these thrust faults may predate the more easily documented "Stage I"
extensional regime. More detailed study would be necessary to make better conclusions on
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the Stage I faults, but the preliminary observations of this study suggest that the shallow faults
may involve at least two generations.
Stage U faults. These faults had a variable sense of slip, and measurable striae were
again very limited. The few axes that could be derived showed considerable scatter (Figure
58b), so Stage II faults were not analyzed further. More data would be necessary to make any
conclusions about this stage of faulting. However, there was an observed relationship with V3
en echelon veins (see below), so at least some of the Stage II faults are interpreted to have
formed (or been reactivated) under strike-slip conditions consistent with the formation of V3
veins.

Veins

The earliest set of veins (Vi) is generally thin, buff to greenish-tan in color, and often
subparallel to bedding. V] veins typically follow but also crosscut bedding, and are also
commonly folded about F]. These veins are composed primarily of quartz, calcite, and
prehnite along with minor pumpellyite and fine needles of randomly oriented actinolite
(Figure 44). A second set of veins (V2) is primarily composed of quartz, albite, and calcite,
and forms a very prominent set of veins in outcrop which are commonly associated with
Stage I faults (Figure 59). In general, the V2 veins are subparallel to S] cleavage and appear
to be related to shear along the main cleavage. Although locally quite deformed, some sets
retain a relict en echelon appearance, with spaced sets of fingers and branches that terminate
along the main cleavage. Individual V2 veins are commonly folded, sometimes very tightly so
that the hinges form isolated "pods". Axial planes are nearly parallel to S), but the folded
veins are typically sheared out along the limbs, parallel to the main cleavage. Finally, there is
a set of well-developed en echelon veins (V3; Figure 60) which are generally undeformed
and therefore postdate V2. This set is primarily composed of quartz, and is most
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Figure 59. Outcrop photograph of deformed (V2) en echelon veins. Main cleavage (Sj)
forms the bounding plane, and apparent sense of shear is top to north. Photographed facing
east. Location approximately 100 m north of EL 3-1, south point.

Figure 60. Outcrop photograph of undeformed en echelon veins (V3), with associated Stage
II fault. Photographed facing south-southwest. In this photo, the subvertical vein sets show a
left-lateral apparent sense of shear, and the lesser developed conjugate sets on the right
indicate a right-lateral apparent sense of shear. Location near EL 3-4, south point.
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a. V2 veins

b. V3 veins

Figure 61. Kinematics of V2 and V3 en echelon veins, Eliza Island. Stereoplots on the left
show strike and dip of shear planes for en echelon vein sets. Solid lines (great circles) indicate
strike and dip of bounding shear planes. Small arrows indicate trend and plunge of derived
shear directions. Direction of arrows indicate sense of shear, foot wall fixed. Plots on the right
show derived P axes (black circles) and T axes (open squares). Large "P" and "T" indicates
average location (trend and plunge) of derived axes. Fault plane solutions ("beach balls")
were derived only for fault sets that appear to be kinematically consistent. All plots equal
area.
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well-developed in the relatively massive graywacke lithologies. Some locations indicate an
association with the steep (Stage II) faults (Figure 60).
Vein kinematics. V i veins were not measured for kinematics, because they are too
deformed and do not display en echelon relationships. However, the other two sets (V2 and
V3) do form measurable en echelon sets. Figure 61 shows the orientations and derived
kinematic axes of V2 and V3 veins.
V2 (cleavage-bound, deformed) veins. Although they are locally quite deformed,
these veins are consistent in the general orientation of their tails, which strike generally northsouth and dip moderately to the east. These veins crosscut the main foliation, and the cleavage
generally forms the bounding shear plane. In almost all cases, the sense of motion is normal
(top-to-east and south) but some sets are highly oblique. The derived shear directions for
measured V2 vein sets vary from ENE to SSE to SSW. Fault plane solutions (Figure 61a)
show some scatter of P and T, but there is very little overlap of these axes and they fall into
distinct fields. However, these veins were not analyzed further due to the general scatter of
both these sets of axes. More detailed study may help to resolve this.
V3 (undeformed) veins. The other set of veins that were measured (V3) is generally
undeformed, and showed very clear en echelon relationships. Like the cleavage-bound veins,
the V3 veins are somewhat variable in orientation and local shear direction (Figure 61b). In
general, the en echelon veins showing right-lateral shear are northeast-striking, steeply north
dipping, and are bound by steep north- to northeast-striking right-lateral shear planes. The
derived shear directions for the right-lateral veins are generally south- to southwest-trending.
Left-lateral en echelon veins are typically northeast-striking, with steep but variable dips. The
bounding shear planes are also variable in orientation, but generally strike east-northeast with
steep to moderate northwest dip. Their derived shear directions trend east and west, with
moderate to shallow plunge. Fault plane solutions (Figure 61b) show some clustering of P
and T axes, both of which are shallow. Although there is some scatter, many P and T axes are
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clustered. The V3 veins as a whole are therefore considered to be kinematically compatible
with one another, and at least some probably represent conjugate sets. The derived P-axis for
these veins is relatively shallow southwest-trending, and the derived T-axis is also shallow and
southeast-trending, indicating that they have probably formed within a strike-slip regime.

Kink folds

There is a well-developed set of kink folds that deform the main S2 foliation. These
folds are particularly well-exposed on the west point, and along the southeastern shoreline.
Those showing dextral rotation ("z") are generally northeast-striking, with axial planes that
have variable northwest dip (Figure 62). Where measured, hinges of the z-folds are typically
shallow and southwest- to northeast-plunging. Kink folds with sinistral rotation ("s") are
generally north-striking, with axial planes that are steep and east-dipping (Figure 62). Only
one hinge was actually measured for the s-folds, and this hinge was shallow and north
trending.
If these kink folds are assumed to represent a conjugate set, the derived stress axes
(Figure 62) indicate that CTl (parallel to the foliation plane) is shallow and east-southeast
trending. The derived Ct2 component is also shallow, and north-northeast trending. o3 is
moderately steep and south-southwest plunging. This indicates that the kink folds may have
formed under conditions of subhorizontal WNW-ESE shortening.

Relative ages and kinematics of brittle structures

Table 4 summarizes the brittle structures observed on Eliza Island, and their
associated kinematics. It is possible that the Stage I faults may be related to the deformed,
cleavage-bound V2 veins, because the veins were commonly concentrated along the cleavage-
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Figure 62. Kink fold analysis, Eliza Island. Solid lines are measured axial planes of kink
folds. Dextral and sinistral indicates sense of rotation parallel to cleavage. Black dots indicate
location of derived stress axes (sigma 1, sigma 2, and sigma 3). Equal area.
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Table 4. Brittle Structures, Eliza Island

Structural Element

Orientation, sense of motion
and/or rotation

Kinematics

Stage I faults

South-dipping
shallow faults
(thrust and normal motion)

Thrust and oblique faults:
—not analyzed—

Northeast-dipping
shallow faults
(oblique motion)

Normal faults:
P; steep, NW-plunging
T: shallow, S-plunging

Mixed kinematics, including
extension (subvertical
shortening)

Kink folds

sinistral rotation:
strike N, steep E dip
dextral rotation:
strike NE, variable NW dip

al: shallow, ESE-trending
o2: shallow, NNE-trending
a3: moderately steep, SSWtrending
Compressional kinematics
(WNW-ESE shortening)

En echelon veins
(V2> deformed, cleavagebound)

Shallow, east- to southeast
dipping shear planes (subparallel
to cleavage)

-not analyzed(most associated with Stage I
extensional kinematics?)

Oblique normal motion (top-toeast and south)

Stage II faults

En echelon veins
(V3, undeformed)

Steep north-, northwest-, and
northeast-striking faults
(mixed sense of motion)

-not analyzed—

sinistral shear planes:
ENE strike, steep to
moderate NW dip

P; moderately shallow,
SW-plunging
T: moderately shallow,
SE-plunging

dextral shear planes:
N to NE strike, steep dip
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(associated Vj veins suggest
strike-slip kinematics)

Strike-slip kinematics

parallel faults. Also, the derived P-axis for both sets is generally steep relative to a shallower
T-axis. However, the trends of kinematic axes for both the faults and the veins are quite
scattered. This could be the result of multiple generations among either the faults or veins, or
posibly it could reflect later (F3?) folding. In any case, some of the shallow faults were
individually found to crosscut and therefore postdate at least some of the V2 veins.
Stage II fault data was very limited, but field observations suggest that these faults
should be kinematically related to at least some of the V3 veins. Although many of these
veins occur independently of faults, there were also a number of locations where the veins
were concentrated along or near steep Stage II faults. Figure 60 shows one example, in which
the fault follows the orientation of a bounding shear plane which appears to have been
originally defined by the veins. In this case, the veins appear to have occurred first, and these
veins are truncated and offset by a fault which displays a similar apparent sense of shetu-.
Another critical outcrop shows a steep (though unstriated) fault that appears to die out into a
set of en echelon veins, so that the veins represent a termination of the fault itself. It is
therefore speculated that at least some of the Stage II faults and V3 veins must be
kinematically related, although more data would be necessary to test this hypothesis.
Kink folds were commonly observed to disappear across fault boundaries (most
typically the steep Stage II faults). Although they are also folded and locally disrupted by
faulting, they were also found to be most intensely developed in proximity to the steep Stage
II faults, so it is possible that the kinks are somehow related to Stage II faulting. However, the
kinks reflect very different kinematics from both the Stage II faults and the V3 veins, and
these events do not appear to be compatible. It is probably more likely that the faults are
preferentially localized along zones of higher strain, and that the kinks predate Stage II
faulting.
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Summary

An overall deformation history for Eliza Island is summarized on Table 5. There is
some evidence for early (soft-sediment?) disruption of bedding, and also a very weak,
bedding-parallel (compaction-related?) foliation which may have formed prior to the
development of the main (Si) cleavage. There is a very well-developed and abundant set of
Fi folds related to the main Si foliation, and these folds are primarily northeast vergent.
Changes in Sq/Si relationships appear to define a large-scale reclined syncline, but
conflicting structural evidence makes it unclear whether most of Eliza forms an upper or
lower limb of this fold. There is also a weaker, intermittently developed second cleavage (S2)
which is only rarely developed in some lithologies, and S2 does not appear to be axial planar
to any observed folds. Brittle deformation includes at least one stage of early faulting
subparallel to the main foliation and a possibly associated set of V2 en echelon veins. These
structures have mixed kinematics (compressional, extensional, and/or oblique) and are
possibly reactivated. The early shallow structures are crosscut by high-angle Stage II (strikeslip?) faults and a possibly associated set of V3 en echelon veins. Open east-west folds (F3)
are interpreted to have formed relatively late, but the timing of these folds relative to the Stage
II (strike-slip?) faulting is uncertain. Overall kinematics in the present orientation appear to
have evolved from subvertical ductile shortening, to subhorizontal brittle north-south
extension, to a mixed set of structures that involve primarily shallow P and T axes in varying
orientations.
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Table 5. Deformation History, Eliza Island

Kinematics

Deformation Events

do

Early (soft-sediment?) disruption of bedding; early
(Vi) veins and possible early (compaction-related?)
foliation

dl

Isoclinal Fj folds of Sq produces main Si cleavage; Z: subvertical WNW to NW
(perpendicular to Si)
transposition of Sq to S]

d2

development of weak, spaced S2 crenulation
cleavage; no large-scale folds observed

Z: moderately steep, W- to NW-plunging
(perpendicular to S2).

d3

Stage I faults
(thrust motion?)

Mixed (compressional?) kinematics
—not analyzed—

d4

Kink folds

WNW-ESE shortening

Stage I faults
(normal motion?)

Mixed (extensional?) kinematics
subvertical shortening,
shallow N-S extension

—not analyzed—

En echelon veins (V2 )

Strike-slip kinematics
postd4

Stage n faults
(Strike-slip motion?)

—not analyzed—

En echelon veins (V3)

shallow NE-SW shortening
shallow NW-SE extension

Open F3 folds of S1, S2 and Stage I faults

N-S shortening
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SAMISH ISLAND

Lithology

Outcrops on Samish Island are limited to the northernmost point, where there is
nearly continuous exposure along the shoreline, as well as at the quarry (Figure A4). The
rocks consist of very well-foliated metasediments, and they are the most recrystallized rocks
observed within the study area (TZ 2B to 3A-; see Figure 63a). The metasediments range
from light gray lithic-quartzofeldspathic metagraywacke through dark gray metasiltstone to
silvery black phyllite. Minor interlayers of very fine-grained, light green-gray metatuff also
occur (Figure 63b).
The coarsest-grained metasediments are found along the southeastern shoreline of the
mapped area. These beds are interpreted to extend (following strike) across the island,
forming the thick, relatively resistant exposures of metagraywacke in the southwestern
portion of the mapped area as well. Moving northward, there are tightly folded tuffaceous
interlayers that are exposed at two locations (at SA 4-11, and also within a small cove near SA
4-10). Continuing north, there is a general increase in the occurrence of interlayered fine
grained metasiltstones and phyllites.
Because the rocks are so recrystallized, positive identification of the original clastic
composition was sometimes difficult. However, thin sections indicate a general lithicquartzofeldspathic composition, and relict clasts appear to consist primarily of quartz and
plagioclase along with lesser amounts of pyroxene, amphibole, epidote, sphene, and opaques.
Muscovite and chlorite are also abundant, but both of these minerals appear to be mostly
metamorphic rather than detrital. The strongly interbedded lithology and quartzofeldspathic
composition suggests an oceanic setting for these rocks, but the presence of interlayered tuffs
also suggest proximity to an island arc source.
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Figure 63. Metasedimentary rocks on north Samish Island.
a. outcrop photograph showing the increased textural reconstitution (TZ 2B+) of
metasedimentary rocks on Samish Island, compared to the TZ 2A to 2B rocks of Jack and
Eliza (see Figures 27, 45). Note incipient segregation layering that is defined by the relatively
resistant, foliation-parallel, fine white layers of quartz/albite. Photographed facing east.
Location near SA 3-3.
b. outcrop photograph showing interlayers of light green metatuffs within lithicquartzofeldspathic metasiltstone and metagraywacke. Photographed facing northeast.
Location SA 4-11.
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Metaniorphism

Metamorphic phases include quartz, albite, actinolite, white mica, pumpellyite, and
epidote +/- chlorite. Well-developed muscovite and lesser actinolite (Figure 64a) generally
appear to follow an early foliation (Si, described below), along with abundant fine white
mica, graphite, and minor Fe-rich chlorite. Within many samples, quartz is almost completely
recrystallized (80-95% in some thin sections), and typically displays a preferred orientation
along the main foliation (Si, described below; Figure 64b). Albite clasts are also
recrystallized along the main foliation, but to a somewhat lesser extent. Metamorphic vein
minerals include quartz, calcite, and minor prehnite, along with very fine needles of actinolite
and lesser pumpellyite (Figures 64c,d).
Assuming that these metamorphic minerals are coeval, the occurrence of actinolite
with pumpellyite indicates that these rocks have reached the pumpellyite-actinolite facies of
Banno (1998) with maximum temperatures of 200 to 350° C and pressures that could have
ranged from 2 to 7 kbar. The dynamic recrystallization of quartz parallel to foliation, the
presence of well-developed subgrains, and lesser recrystallization of feldspar also indicates
deformation temperatures of approximately 300 +!- 50° C (Simpson and DePaor, 1991).

Structure

Overview and textural classification. The rocks on Samish Island are very well
foliated and multiply deformed, and are characterized in outcrop by a strong and penetrative
foliation (Si, described below) which is overprinted by two much weaker but variably
developed foliations (S2 and S3, described below). In general. Si causes the rock to break
smoothly along planar surfaces, and mineralogic segregation is incipient within the coarsergrained lithologies (Figure 65). Following the textural field criteria outlined in Jayko and

126

Figure 64. Metamorphic minerals in thin section.
a. photomicrograph showing oriented white mica (“wm”) and actinolite (“act”) in
fine-grained meta-tuff. Both of these minerals appear to be subparallel to the main foliation.
Field of view is 0.45 x 0.60 mm (xpl). Sample SA 4-11.
b. photomicrograph showing segregation layering and prefe^ed orientation of
recrystallized quartz and muscovite, parallel to main (Si) foliation. Field of view is 0.45 x
0.60 mm (xpl). Sample SA 4-9b.
c. photomicrograph showing typical metamorphic assemblage in veins, which include
quartz, calcite, prehnite, and pumpellyite needles (not visible in this photo). Field of view is
2.3 x 3.5 mm (ppl). Sample 4-3c.
d. photomicrograph showing fine actinolite needles and small prisms of pumpellyite.
Field of view is 0.11 x 0.15 mm (ppl). Sample 4-9b.
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Blake (1986), most of the metasediments are therefore classified as Textural Zone 2B+. More
recrystallized rocks occur on the southeast shoreline of the mapped area, where mineralogic
segregation is nearly complete with incipient layer-parallel lithologic banding. Here, the rocks
are classified as Textural Zone 3A- (Figure 66).
Although all three foliations are rarely visible at a single outcrop. Figure 65 shows
how the three fabrics are related. In general, the geometric relationships between Si, S2 and
S3 appear to be internally consistent within three distinct areas, and this is probably due to
late faulting and/or rotation. The mapped area was therefore divided into three structural
domains (SD I, II, and III; see Figures 66 and 67). The assignment of these domains are
based on differences in the geometric relationships between Si, S2 and S3, but the details of
these relationships are described in later sections.

Fabric Elements

Main foliation and lithologic layering (Sj and Sq/Si). Most of the compositional
layering on Samish Island is interpreted to represent an early foliation (Si) and is probably
transposed rather than original bedding (Figure 65). Throughout the mapped area, there is a
general absence of relict sedimentary structures and facing directions are not preserved, even
at fold hinges. Lithologic layering is typically paralleled by a very strong, penetrative
foliation (Si). A thin, sometimes tightly folded vein set is very common as well, and these
veins also appear to be generally parallel to S l.
Thin sections indicate that most of the metamorphic recrystallization has occurred
along this early foliation (Si), and it is primarily defined by the pervasive growth of foliationparallel white mica, as well as chlorite and possible actinolite (Figure 68; see also 64a). In the
southeast. Si is further defined by metamorphic segregation layering of recrystallized
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Figure 65. Scanned image of thin section showing S1/S2/S3 relationships. Outlined area
shows location of Figure 71. Sample SA 5-lb.
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(Williams Point)

SAMISHISLAND

Figure 67. Map of third foliation (S3) on northern Samish Island.
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Figure 68. Photomicrograph showing pervasive white mica growth parallel to Si foliation.
Mica in this sample shows F2 folding of Si, with S2 crenulations forming an incipient axial
planar foliation (parallel to the long axis of photomicrograph.) Note the presence of
quartz/albite segregation layers (“qtz/ab”) that cross the upper and lower sections of photo
(parallel to Si). Field of view is 2.3 x 3.5 mm (xpl). Sample SA 6-1.
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quartz/albite which alternates with thick, well-defined bands of opaques and dissolution
residue (Figures 68 and 64b).
51 typically strikes east, and is moderate to steeply south dipping (Figure 66). At
most locations (see Figure 69), Sq/Si is also parallel or nearly parallel to a second, much
weaker foliation (S2, described below).
Second cleavage (S2): The second foliation (S2) is variable in intensity, but generally
much less well-developed than Si. S2 typically forms a phyllitic foliation in fine-grained
lithologies and a very weak to spaced planar fabric in coarser-grained layers (Figures 69 and
71). At many exposures, S2 is axial planar to a very abundant set of tight to isoclinal folds of
Sq/Si (compositional layering) as well as folds of early (Fi- and Si-related?) veins (Figure
70).
In thin section, S2 is primarily defined by very thin, wispy, often discontinuous bands
of dissolution residue (Figure 71), and also by the rotation and folding of Si metamorphic
minerals into the S2 foliation plane (Figure 68). There is only minor evidence for the
recrystallization of quartz along S2, and the only metamorphic mineral that appears to be
associated with this foliation is very sparse, fine white mica.
52 is generally very weak and except at fold hinges, S2 is almost always subparallel to
the main Si foliation (see Figure 69). The second foliation was therefore not measured and
mapped separately in the field. Overall, S2 (along with Si) is predominantly east-striking with
moderate to steep south dip (see Figure 66), but the mapped area shows an overall shallowing
southward of the Si and S2 foliations.
Spaced crenulation cleavage (S3): There is also a spaced crenulation cleavage (S3)
which is very common on Samish (Figures 72 and 73), but like S2 it is also variable in
intensity. At some locations, the S3 fabric is poorly developed if it is visible at all. However, in
most places S3 appears to be better developed than S2-
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Figure 69. Outcrop photograph showing S ] folded about F2, with S2 forming a welldeveloped axial planar cleavage. Note that the F2 fold appears to be folded in upper margin
of photo. Open (F3) folds are very common in the north (SD I). Photographed facing
southwest. Location near SA 4-7.

Figure 70. Outcrop photograph showing Si-parallel early veins folded about F2.
Photographed facing west. Location SA 4-1.
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Figure 71. Photomicrograph of S2 foliation, showing similarity of S2 and S3 foliations. (S2
parallels the short axis of photo, S3 is diagonal.) Thin, wispy discontinuous residue selvages
and very minor white mica characterize both foliations. Field of view is 2.3 x 3.5 mm (ppl).
Sample 5-lb.
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Figure 72. Outcrop photograph of spaced S3 crenulation cleavage. Sj and S2 are known to
be subparallel at this location, based on F2 folds that were observed nearby. Photographed
facing west. Location approximately 20 m north of SA 5-5.

Figure 73. Photomicrograph of spaced S3 crenulation cleavage. Where it is well-developed,
S3 typically forms a spaced crenulation of Si/S2 surfaces. Si and S2 are known to be
subparallel at this location, based on F2 folds that were observed nearby. Horizontal axis of
photo is 2.3 mm (ppl). Sample SA 4-2.

Figure 72.
Figure 73.

In general, S3 is most pronounced and easily recognized in the coarse-grained
lithologies of SD I, where it forms a discrete, spaced (0.3 -0.7 cm) crenulation that crosscuts
S2 and clearly transects ¥2 folds (Figure 65). In SD II, S3 is much more difficult to
distinguish from S2, and they are possibly close to parallel. Here, S3 (or a very welldeveloped S2?) is locally defined by apparent 1-3 mm offsets of Si surfaces and associated
veins, which occurs along folds bisected by the S3 (and/or S2?) foliation. These apparent
offsets are typically opposite in symmetry along opposing fold limbs, which indicates that this
fabric was formed by pressure solution. In SD III, S3(?) is very well-developed and is axial
planar to steeply plunging, symmetric, conical folds of Si (and S2?). However, this area again
has only two clearly distinguishable foliations and the mapped foliation may actually be a
much stronger equivalent of S2S3 is variably developed in thin section, but this foliation appears to be primarily
defined by insoluble residue surfaces and minor recrystallization consisting of very fine white
mica, possible pumpellyite, and rare chlorite. The coarser grained fraction of muscovite,
chlorite, and actinolite (Si-related minerals) are folded along with S2 surfaces about S3.
There is no evidence for recrystallization of quartz or feldspar along the S3 foliation.
Truncations and apparent offsets of both the Si and S2 surfaces and associated early veins
are very common. All of these observations suggest that the S3 fabric has formed primarily
by pressure solution, rather than by recrystallization.
S3 has variable strike (Figure 67) and is also locally disrupted by faulting. However, it
generally has moderate dip to the south, west, and southwest. In the northern portion of the
mapped area, S3 is consistently shallow relative to S2, and its strike is almost perpendicular. In
general, S3 appears to be locally steep relative to S2 in Structural Domain II, and very steep in
Structural Domain III.
Uncertainties in distinguishing S2 from S3 in SD II and III. Although Figure 65
clearly indicates the presence of an S3 foliation, its variable development as well as its
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similarity to S2 made the two late foliations very difficult to distinguish in the field. This is
particularly true in the south (SD II and III) where most outcrops appear to have only two
foliations present and the second foliation in this area is much better developed than in the
north (SD I). Although one foliation is clearly folded, there is also not the abundant Sq/Si
layering to determine if it is Si or S2 that is the folded surface. In SD II and III, the later
foliation was tentatively mapped as S3, primarily because S2 is known to very weak in SD I.
However, it could be that the late (S3?) foliation is so much stronger in SD II and III because
S2 and S3 are mutually parallel (and therefore mutually enhancing) in these areas. In any
case, the possibility exists that measured S3 surfaces in SD II and III on Figure 67 may
actually be S2 rather than S3.
Lineations: The most abundant and measurable lineations are intersection lineations
(primarily L3 formed by Sq/Si X S3), fold hinges (F2 and F3), and fine crenulations on Si
surfaces. There are also abundant white quartz/albite stringers which form an apparent
mineral/stretching lineation (Li) on Si surfaces in the coarser-grained lithologies. Due to the
fine grain size, other mineral lineations were not observable in the field, but there is some
petrographic evidence that actinolite may form a mineral lineation (Li?) as well, because
some thin sections cut perpendicular to S1/S2 contain a predominance of actinolite in the XY
crystallographic orientation. Regardless of generation, most measured lineations (as well as
fold hinges) are consistently west- to southwest-trending with moderate plunge (Figures 74
and 78). Because they are subparallel, all three sets of fold axes in this area (Fi, F2, and F3)
are interpreted to be nearly coaxial.

Folds

Fj folds. Thin sections indicate that almost all lithologic layering is actually an Si
surface, and clear F] folds were not observed anywhere in outcrop.
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Figure 74. Map of lineations and fold hinges (F2 and L3) on northern Samish Island.
A-A' and B-B' indicate lines of transect for cross-sections shown on Figure 79.
140

F2 folds. F2 folds are very abundant and easily identified, partly because they are
very consistent in style, intensity, and fabric development. They range from centimeter- to
meter- to outcrop-scale, and are generally tight to isoclinal (Figures 75 and 76; see also
Figures 65 and 70). They consistently fold Sq/Si surfaces as well as early (Si-parallel) veins,
and are also associated with a very weak, axial planar fabric (82)- F2 folds are transected by
S3 at many locations, particularly in SD I (Figure 65). Most F2 hinges have shallow to
moderate plunge to the west and southwest (Figures 74 and 78), and the folds are upright to
steeply inclined in SD I and moderately inclined in SD II. Any predominant sense of
vergence was impossible to recognize, due to their isoclinal form and probable refolding.
F3 folds. Undisputable F3 folds occur only in SD I, where they are expressed as
gentle, open warps along the limbs of F2 folds (Figures 69, 76). S3 appears to be axial planar
to these folds of Sj and S2- Most hinges have shallow to moderate plunge to the west and
southwest, and the folds are typically conical in shape (Figure 77a).
F2 or F3 folds (SD II and III). It was very difficult to confidently assign a fold
generation at every location, because the S2 and S3 fabrics are very similar in character and
all three foliations were not always distinguishable in outcrop. This was particularly the case
in SD II and III, where there are generally only two foliations present in outcrop. In both of
these domains, there is an abundance of moderately tight to open folds of an early foliation,
but the actual generation of the folded fabric was very unclear and the axial planar fabric
could be S3 (=F3, with Si and S2 parallel), or it could be an anomalously well-developed
equivalent of S2 (=F2, with S3 parallel). Because of this uncertainty, any folds in question
were mapped as “F2 or F3” on Figure 74.
The folds in SD II range in scale from meter- to outcrop-scale, with typical
amplitudes of 0.5 to 1 meter. They show a variable sense of asymmetry in SD II, but most are
northeast-vergent (Figure 77b) and moderately inclined with gently to moderately plunging
west and southwest-plunging hinges (Figure 74). In SD III, the folds are symmetric with
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Figure 75. Outcrop photograph of isoclinal F2 fold hinge. Note that parasitic folds of some
veins have axial planes that are parallel to S2, but some have axial planes that transect this
hinge (F3?). There is possible S3 development in uppermost center of photo. Photographed
facing east, SD I.
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Figure 76. Outcrop photograph of F2 folds, folded by F3 (SD I). Note conical surface of
antiform on the right. Photographed facing east. Location near SA 5-1, SD I.
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Figure 77. Outcrop photographs of F3 folds (SD I) and F3(?) folds (SD II).
a. F3 folding of F2 fold limbs. Photographed facing east. Note the conical shape of
folded surfaces. Location approximately 150 m northeast of SA 3-2a, SD I.
b. outcrop photograph of northeast-vergent (F3?) hinges. These folds are interpreted
to represent an upper limb of the map-scale folding shown in Figure 79. Note again the
conical shape of the folded surfaces. Photographed facing east-northeast. Location
approximately 25 m south of SA 5-2, SD II.

a
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Samish Island. All plots equal area.
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moderately west- and southwest-plunging hinges. However, the actual plunge of individual
hinges is quite variable, because these folds are typically very conical in shape (see Figure
77b). Because almost all of these folds are significantly more open than the observed isoclinal
F2 folds of SD I (Figures 77a,b; compare with Figures 69, 75, and 76), they are interpreted to
be probably F3.
Based on these considerations, the very well-developed axial planar foliation was
tentatively mapped as S3 (see above). A schematic cross-section (Figure 79) shows the
interpreted relations of Si, S2, and S3 for each structural domain. This section also shows the
location of most major fold hinges, as observed or inferred by changing relationships of steep
vs. shallow foliations. This section, as drawn, assumes that most folds in SD II and III are F3
folds, and that the isoclinal F2 folds that were pervasive in SD I are subparallel to the main
observed (Si) foliation in SD II and III.
The observed symmetry of F3(?) folds in SD III suggests that this area probably
represents a map-scale F3(?) hinge zone. SD I appears to represent the lower limb of a largescale fold, but is also interpreted to be near the hinge because S2 and S3 are generally at a
high angle to one another (see Figures 66 and 67). Figure 79 indicates that SD II probably
forms part of the upper limb of a map-scale F3(?) fold. Intersection lineations (Sq/Si

x

S3) in

SD I indicate that the F3 fold axes are parallel to those that are exposed to the south, although
the F3(?) folds in the south are somewhat more steeply plunging. Overall, the apparent near
parallelism of the F2 and F3 hinges (Figures 74 and 78) indicates that F2 and F3 were nearly
coaxial in this area.
F4 folds (inferred). On the mapped scale, the overall changes in S3 (and Si)
orientations from north to south (Figures 66 and 67) are suggestive of late F4 folding of both
of the mapped foliations. The approximate pole to a best-fit great circle defined by S3 poles
is west-trending with shallow plunge (262/16 W; Figure 67). This is broadly simlar to the fold
axis defined by SI poles, as well (Figure 66). The mapped S3 orientations also suggest that
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Figure 79. Interpretive cross-section showing map-scale folding across north Samish Island.
These cross-sections are schematic, in that they exclude all faults that do not separate
structural domains. Location of transects (A-A’ and B-B’) are shown on Figure 74. Note that
fold generation was unclear in SD II and III. These sections assume that folds in SD II and III
are F3, and that the isoclinal folds typical of SD I are present, but unexposed.
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p4 folds may be conical in shape (similar to F2 and F3), because S3 orientations are
significantly more variable on the eastern shoreline than they are on the western shoreline.

Summary of Structural Domains

Structural Domain I (SD I): In the north, S] and S2 are invariably steep relative to S3
(except at F2 fold hinges), and their strike is generally perpendicular to S3 (see Figures 66
and 67). Fold hinges in this area consist almost exclusively of isoclinal F2 folds. F3 folds are
expressed as very open warps of Si and S2 fold limbs. Where S3 is present, it is generally
shallow and west- to southwest-dipping, and consistently transects the F2 folds (Figure 65).
Structural Domain II (SD II): In the southwest and southeast, only two foliations are
differentiable. S2 in this area is interpreted to be parallel to Si (based on the pervasive
isoclinal folds observed in SD I; see Figure 79). Si (and therefore S2?) are somewhat
shallower than they are in SD I, but still south-dipping. S3 has similar dip as in SD I, but
strikes southwesterly. F2 folds occur in SD II, but F3(?) folds may also be present. If so, F3
appears to be coaxial with F2Structural Domain III (SD III): At the southeastemmost exposures of the mapped
area, S3 is anomalously steep and almost perpendicular to S1 and S2, which in turn dip
steeply to the west (Figures 66, 67, 79). A conical set of symmetric F3(?) fold hinges form the
dominant and pervasive set of structures.

Faults

Measured fault planes. Stage I faults. The earliest faults ("Stage I"; Figures 80a and
81a) appear to be a complex set of south- to southwest-dipping anastomosing faults that are
typically subparallel to S i. Measurable striae were not well-developed along these fault
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a.

Figure 80. Outcrop photographs of faulting on north Sainish Island,
a. Stage I fault, which cuts the main cleavage and is in turn crosscut by a high-angle
fault on the left. Drag of the foliation along this fault indicated normal (top-to-south) motion.
Photographed facing east. Location near SA 3-1.
b. Stage II faulting, which is pervasive on Samish Island. Striae are well-developed
and are generally steep, with a consistent south-down sense of motion. Photographed facing
east. Location south of SA 3-1.
c. Stage III(?) fault. This fault did not have measurable striae, but drag indicated a
left-lateral apparent sense of shear. Photographed facing downward (north is to the right).
Location approximately 75 meters south of SA 3-1.
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Figure 81. Stereoplots of fault data and kinematic analysis, Samish Island. Plots on the left
are of faults and striae. Solid great circles indicate strike and dip of measured fault planes,
and small dots indicate trend and plunge of measured striae. Small arrows indicate sense of
shear (foot wall fixed). Dashed lines are measured fault planes, without measurable striae.
Plots on the right show derived P axes (black circles) and T axes (open squares). Large "P"
and "T" indicates average location (trend and plunge) of derived axes. Fault plane solutions
("beach balls") were derived only for fault sets that appear to be kinematically consistent. All
plots equal area.

a. Stage I faults

b. Stage n faults
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planes. Drag folds of foliation as well as veins indicated a mixed (both thrust/reverse as well as
normal) sense of apparent shear among different fault surfaces, and so these faults may not
all be coeval.
Stage II faults.

The Stage I structures are crosscut by a pervasive set of steep faults

("Stage 11"; Figures 80b, 81b) which strike east to northwest, and dip steeply south along the
western shoreline. Along the eastern shoreline, the faults strike have a more southwesterly
strike with steep dips to the north. Offsets (defined by truncated compositional layering
and/or veined zones) are generally meter-scale or larger. Faults with measurable striae were
very consistent, with a south-down sense of motion and very low to moderate obliquity. Most
faults without striae also show a south-down apparent sense of motion.
Stage III(?) faults.

There is a minor set of north- to northwest-striking steep faults

(Figure 80c) which appear to be strike-slip structures. Striae are very rare, but some show
drag and offsets that indicate left-lateral apparent motion. Offsets along these faults appear to
be small, and rarely exceed cm-scale. Crosscutting relations were not observed for this set of
faults, but they do not appear to be kinematically related to Stage II (see below). These faults
were therefore plotted separately and are tentatively assigned to "Stage III (?)"
Fault kinematics. Stage I faults.

Although this was a very limited dataset, the plot of

Stage I faults (Figure 81a) shows P axes which are shallow but variably trending. T axes are
subvertical. This pattern suggests an early compressional regime, possibly resulting from
subhorizontal (possibly N-S or NNE-SSW?) shortening, but more data would be necessary to
better characterize the kinematics of these faults.
Stage II faults.

Plots of the Stage II faults (Figure 81b) show P and T axes that are

fairly well clustered with no apparent overlap, so this set of faults appears to be kinematically
related. The derived P-axis for this set is moderately plunging to the north, and the average Taxis plunges moderately to the south.
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It should be noted that the overall top-to-south sense of shear regardless of dip
("reverse" for north-dipping faults and "normal" for south-dipping faults) strongly suggests
that these faults may have been rotated or folded from their original orientation. If the faults
are tilted to the south, they would all become normal faults (top to south). If they are tilted to
the north, they would become compressional structures. The presence of an intermediate
extensional phase on the other islands (top to south and southwest on Guemes and Jack
Islands) suggests that these faults are more likely to be tilted extensional (top-to south) rather
than compressional features.
Stage I1I(?) faults.

There was only one fault plane measured from this orientation

which yielded any striae (Figure 81c), so kinematic analysis of these faults is impossible. The
derived P- and T-axes for this fault are suggestive of a possible late (Stage III?) strike-slip
regime, but more data would be necessary to support this hypothesis.

Veins

There are at least three generations of veins which occur on Samish. The earliest set of
veins (Vi) is a greenish-tan to buff, very fine and tightly folded set which generally runs
parallel to lithologic layering (Sq/Si; Figures 70 and 75). These veins are typically folded
about F2 as well as F3, and are also typically truncated and offset by the S3 foliation. A
second set (V2) form thicker quartz and calcite veins which appear to be associated with
major hinges of F2 folds, but some may also be related to thrusting (Figure 82a; see also
80a). These veins are generally deformed, as well. Finally, there are relatively late,
undeformed extension veins (V3) which tend to occur in the more cohesive graywacke
lithologies. These veins are generally composed of quartz with minor calcite, are relatively
undeformed, and commonly occur as en echelon sets (Figure 82b).
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a.

Figure 82. Outcrop photographs of veins on north Samish Island.
a. V2 veins. Photographed facing east. Location near SA 3-1.
b. relatively undeformed en echelon (V3) veins. The veins in this photograph indicate
dip-slip shear. Photographed facing west. Location approximately 50 meters north of SA 4-1.
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Vein kinematics.

Only the latest, relatively undeformed V3 veins showed clear en

echelon relationships, so these were the only veins measured for kinematic analysis (Figure
83). En echelon veins indicating oblique left-lateral motion were variable in orientation, and
were bounded by north- to northwest-striking, moderately steeply dipping shear planes. Veins
indicating oblique right-lateral shear were north- to northwest-striking with moderately steep
north dip, and were bounded by variably oriented shear planes. Veins that indicated highly
oblique and normal sense of shear were variable in orientation. Derived shear directions for
most of these veins were oblique strike-slip to highly oblique (normal) with variable trend and
plunge.
A composite plot of the en echelon veins (Figure 83) shows fair clustering and no
overlap of P and T fields, which suggests that most of these veins may be kinematically
compatible. Overall, the T axes are shallow with variable trend, and the P axes are moderately
to steeply plunging. The location of the average P- and T-axes suggest subvertical shortening
and NE-SW subhorizontal extension, and the fault plane solution suggests that they may have
formed within an oblique extensional regime. The overall northwest-southeast spread of both
sets of axes suggests that these veins may be folded about a southwest trending fold axis. This
axis is broadly parallel to the open F4 set of late folds, but whether F4 folds are indeed later
than the V3 veins would require further testing.

Kink folds

Kink folds are very abundant and well-developed on Samish Island, and they
commonly form local conjugate sets that typically deform the Si and S2 foliations. In
general, the kink folds showing dextral rotation ("z") are north-northwest-striking, with axial
planes that dip steeply to the east. Kinks that show sinistral rotation ("s") are generally
northwest-striking, with axial planes that have moderate to shallow eastward dip (Figure 84).
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Figure 83. Kinematics of en echelon veins, Samish Island. Stereoplots on the left show strike
and dip of shear planes for en echelon vein sets, Solid lines (great circles) indicate strike and
dip of bounding shear planes. Small arrows indicate trend and plunge of derived shear
directions. Direction of arrows indicate sense of shear, foot wall fixed. Plots on the right show
derived P axes (black circles) and T axes (open squares). Large "P" and "T" indicates average
location (trend and plunge) of derived axes. Fault plane solutions ("beach balls") were derived
only for fault sets that appear to be kinematically consistent. All plots equal area.

Figure 84. Kink fold analysis, Samish Island. Solid lines are measured axial planes of kink
folds. Dextral and sinistral indicates sense of rotation parallel to cleavage. Black dots indicate
location of derived stress axes (sigma 1, sigma 2, and sigma 3). Equal area.
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The composite plot of kink folds suggests that if they are assumed to represent a
coeval conjugate set, their derived stress axes (Figure 84) indicate a ol component that is
moderately steep and east-southeast trending. The derived o2 component is shallow, and
north-northeast trending. a3 is also shallow and south-southwest plunging. This indicates that
the kink folds may have formed under conditions of subhorizontal WSW-ENE shortening.

Summary

The rocks on Samish are structurally complex, with one very well-developed early
foliation (TZ 2B+ to 3A-) which is overprinted by two later, generally weaker but variably
developed foliations. Metamorphic minerals associated with the main deformational fabric
(Si) indicates pumpellyite-actinolite (subgreenschist) facies metamorphism. Similar
metamorphic conditions occurred during formation of the V2 veins.
The deformation history for Samish Island is summarized on Table 7. There is
evidence in the field and in thin section for three phases of ductile deformation (di, d2, and
d3). Brittle deformation includes early Stage I faulting (d4), which generally appears to
involve a cleavage-parallel, top-to-northeast reverse sense of shear (in the present orientation).
This stage of faulting was followed by an extensional(?) event (d5), which is expressed as
steep Stage II normal faults that indicate south-down motion. En echelon veins appear to
involve primarily extensional kinematics as well, but their specific relationship to Stage II
faulting is unclear. There is also limited evidence for a relatively late ("post-d5") event, which
involved relatively shallow P and T axes. Post-d5 deformation is interpreted to have produced
minor strike-slip faulting and open, west-plunging folds (F4). The F4 folding, in particular, is
considered to be very late due to the variability it appears to have produced in the orientation
of S3 foliation, and P/T axes that were derived for the V3 veins and possibly the Stage II
faults as well.
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The overall kinematic history on Samish Island (in the present orientation) appear to
have evolved from an early compressional regime involving N-S shortening and E-W
extension (based on the main cleavage) to an extensional regime (based on Stage II faults and
possibly V3 en echelon veins). The most recent structures are indicative of an overall strikeslip regime, but with variable directions of shortening and extension.
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Table 6. Brittle Structures, Samish Island

Structural Element

Orientation, sense of motion
and/or rotation

Kinematics

Stage I faults

north-northwest striking, westand south-dipping faults

-not analyzed—

thrust/reverse and normal motion
(top-to-north and south)

Stage II faults

En echelon veins (V3)

Steep E- to NW-striking, southand north-dipping faults

P: moderately north-plunging
T: moderately south-plunging

Normal/reverse motion
(south-down)

Inclined extensional regime?

sinistral shear planes:
strike NW-SE,
moderate to steep dip

dextral shear planes:

P: subvertical
T; shallow, SW-plunging

Extensional regime

variable strike and dip

dip-slip shear planes:
variable orientations

Stage III (?) faults

Steep NW-striking faults

—not analyzed—

strike-slip motion

(strike-slip regime?)

(uncertain age relations)

Kink folds

al: shallow, WSW-plunging
NW-striking, moderate to shallow o2: shallow, NNW-plunging
o3: steep, ESE-plunging
east dip (variable)

sinistral rotation:

dextral rotation:
NNW-striking, steep east and
west dip (variable)
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(subhorizontal WSW-ENE
shortening)

Table 7. Deformation History, Samish Island
Deformation Events

Kinematics

dl

Mostly inferred; produces strong S] recrystallized
metamorphic fabric; early (Vj) veins?

(Refolded)

d2

Isoclinal ¥2 folding of Sj (and Vj veins) produces
S2 fabric and L2 lineations; early (VI) veins?

Z; N-S shortening
(perpendicular to S2)

(Refolded)
d3

d4

Variable (tight to open) F3 folding of S2 produces
weak (variable) S3 pressure solution fabric

Z: NE-SW shortening
(perpendicular to S3)

Stage I faults
(thrust/reverse and normal motion)

-not analyzed—

Mixed kinematics
N-plunging shortening
S-plunging extension

Stage n faults
(oblique south-down motion)

"Inclined” extensional kinematics?
dS
near-vertical shortening
NE-SW extension

En echelon veins (V3)

Mostly extensional kinematics?

postds

Kink folds

shallow WSW-ENE shortening
steep ESE extension

Stage III faults
(strike-slip motion?)

-not analyzed—

Strike-slip kinematics?

Open F4 folding of Sj, S2, S3, and possibly ds
structures (kinks. Stage II faults, and V3 veins?)
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shallow N-S shortening

COMPARISON OF THE METASEDIMENTARY ROCKS

GEOCHEMISTRY

As

part of a larger study, whole-rock samples from throughout the eastern San Juan

Islands have been submitted by Blake and others (in preparation) for geochemical analysis,
and part of this data set is listed in Table 8. A plot of alumina vs. silica is shown on Figure 85,
and this plot shows that all of the samples from Jack, Eliza, and Samish contained a relatively
high ratio of silica to alumina, compared to samples from Lummi and south Guemes Islands.
This suggests that the rocks from Jack, Eliza, and Samish Islands (as well as Cap Sante) are
rich in chert, whereas the metagraywacke from Lummi and south Guemes Islands appears to
be more quartzofeldspathic in bulk composition. Figure 86 shows trace elements by island,
and this plot also indicates that the rocks of Jack, Eliza, and Samish Islands are chemically
quite similar. They share an overall pattern of very high Cr, along with high Ni, V, Zr, and
Zn. They are consistently low in Sc, Y, Nb, and Pb. Although the overall trace element
patterns were broadly similar for all of the samples. Figure 86 and Table 8 also show that the
rocks of Jack, Eliza, and Samish Islands are somewhat enriched in specific trace elements
(particularly Ni, Cr, Zr, Nb, and Pb) and depleted in others (Sc, V, and Cu) relative to the
Lummi and Guemes Island samples.
The results of these analyses indicate that the metagraywacke on Jack, Eliza, and
Samish Islands are chemically very similar. The relatively high silica-to-alumina ratio from all
three islands suggests that the metasediments are chert-rich, and the relatively high values of
Cr and Ni also suggest an oceanic and/or ultramafic affinity for the sedimentary source. In
several respects, these rocks are also chemically distinct from the metagraywacke on Lummi
(averaged analyses) and Guemes Islands.
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Table 8. Geochemical analyses from Blake and others (unpublished data). Lummi Island data represents
the range of 8 analyzed samples. All other data represents analysis of single samples.

Lummi (8)

Eliza sw

Jack n

Jack s

Samish se

Samish ne

Cap Sante

Guemes s

68.7
13.3
0.7
5.9
2.5
4.1
1.2
3.3
1.4

70
13.7
0.6
4.9
2.1
3.6
1.55
3.35
1.36

69.2
13.3
0.75
5.9
1.8
4.5
1.6
2.6
1.31

70.9
13
0.6
4.9
1.6
4.1
1.6
3.2
1.2

73.2
11.6
0.6
4.6
24
3.7
1
2.8
1.24

69.1
13
0.6
5.1
3.8
4.1
1
3
1.24

61.8
16.85
0.75
7.2
2.1
5
1.85
4.2
1.44

83
256
15
124
36
106
99
18
5.9
22
76
8

92
179
12
117
44
99
90
15
6.7
25
82
6

91
378
10
161
45
69
122
19
8.6
31
87
5

78
263
12
111
45
38
90
16
8.3
23
71
4

75
302
14
114
27
49
96
17
6.7
19
73
7

80
180
17
135
26
44
70
15
5.6
31
79
4

57
147
21
187
43
24
71
16
4.4
50
89
2

Major elements (wt. %)
Si02
A1203
Ti02
FeO*
CaO
MgO
K20
Na20
FeO*/MgO

64.0 - 66.0
13.4 - 15.7
0.65 - 0.8
5.8 - 7.2
1.6 - 3.9
3.0 - 4.7
0.45 - 1.2
2.3 - 5.0
1.32 - 2.48

Trace elements (ppm)
Ni
Cr
Sc
V
Rb
Sr
Zr
Y
Nb
Cu
Zo
Pb

33 - 106
96 - 265
19 - 25
159 - 210
11-106
77 - 224
61 - 103
15 - .32
2.5 - 5
31 - 37
75 - 88
2-3
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of Blake and others (personal communication).

§

_ CO

ppm

Trace

Elements

Figure 86. Plot of trace elements for analyzed metagraywacke samples, by island.
Unpublished data from Blake and others (personal communication).
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Ar/Ar GEOCHRONOLOGY

In an attempt to constrain the ages of the main metamorphic fabric(s), white mica
separation and ^^^Ar/^^Ar geochronology by step heating was conducted on three samples of
well-foliated metagraywacke from Eliza, Jack, and Samish Islands (JA 3-6, EL 94-1, and SA
4-4). The three mica samples were irradiated at the University of Michigan (Ford Reactor),
and Ar/Ar analyses were carried out by B. Idleman at Lehigh University (Bethlehem, PA).
The location of each of the dated samples is shown on Figure 87. These three
samples were chosen because petrographic analysis indicated that they contained relatively
abundant and well-developed white mica, much of which was parallel to the main foliation
and was therefore considered to be possibly metamorphic. Sample descriptions are listed in
Table 9.
Mineral separation was carried out at Western Washington University. After crushing
and grinding, the samples were sieved in order to select only the coarsest fractions that were
known to contain the largest single grains of muscovite (80-100 and 100-120 mesh). Only
these fractions were selected for further processing, but 120-150 mesh was also included for
FT. 94-1 because this sample contained finer-grained mica. Each of the sieved samples were
then sorted by hand magnet to remove any iron filings from the crushing and grinding
process, and cleaned by hand washing, decanting, and brief ultrasound. A micaceous
concentrate was then developed by gentle centrifuging and decanting in water within a
separatory funnel, followed by several preliminary separations using a Franz magnetic
separator. Heavy liquids separation was then conducted using methylene iodide to further
concentrate the mica. JA 3-6 and SA 4-4 were then hand-picked in order to remove any
remaining non-muscovite grains (particularly chlorite), as well as any grains that appeared
to be weathered, intergrown, or possibly detrital. Due to its finer grain size and intimate
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Figure 87. Map showing location of each of samples selected for At/At dating. Exact
locations are shown in Appendix A.
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Table 9. Sample descriptions for samples submitted for Ar/Ar dating.

Sample number

Sample Description

JA 3-6
(muscovite)

Coarse-grained metagraywacke (TZ 2B), consisting primarily of
clastic chert, quartz, and volcanolithic clasts with lesser plagioclase.
Main foliation (SI) is well-developed and penetrative. Muscovite is
abundant is typically aligned with the main foliation. Some mica is
fairly coarse and may be detrital (0.11-0.2 mm), but most of the mica
is -.05 mm in length. Chlorite is very abundant as well, and is very
intergrown with the muscovite.

SA 4-4
(muscovite)

Coarse-grained metagraywacke (TZ 3A-), consisting of alternating
layers of recrystallized quartz/albite and bands of opaques. Main
foliation (SI) is very well- developed, and a nonpentrative crenulation
foliation also occurs in the sample. The lesser foliation is probably
S3, based on its mapped location. White mica is fairly abundant, and
most of the grains are .05 - . 11 mm in length. White mica is
consistently aligned with the main foliation in thin section. Many of
the individual grains within the mica separate were curved and
therefore appeared to have been folded.

EL 94-1
(mica concentrate)

Medium-grained metagraywacke (TZ 2B), consisting of clastic chert,
quartz, plagioclase, and pyroxene. Main foliation (SI) is welldeveloped and penetrative. White mica is pervasive, and is very fine
grained (<.02 mm) and probably phengitic. The white mica clearly
defines S1 in thin section, but individual grains were so fine and
intergrown with chlorite that it was impossible to get a pure mica
separate. After magnetic, centrifuge, and heavy liquids separation, this
sample was submitted as a mica concentrate.
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intergrowth with chlorite, EL 94-1 could not be further separated by hand or mechanical
means and was submitted as a "mica concentrate."

Results

Figures 88-90 show the age spectra and isochron plots for each of the three samples.
Analytical data are listed in Appendix C. All errors are 1 sigma unless otherwise indicated.
Sample JA 3-6 (Jack Island).

The age spectrum for this sample (Figure 88a) shows a

nearly continuous age gradient from approximately 340 to 80 Ma. Total mean gas age is
285.9 +!- 1.6 Ma. This plot shows that 21% of the gas was released at very high temperatures,
which correspond to an apparent age of 340-343 Ma, and there is a nearly continuous
decrease in apparent ages until 108 +!- 3 and 79 +/- 35 Ma. These younger ages correspond
to 4% of the gas released. The isochron plot (Figure 88b) indicates that for most steps, the
atmospheric or nonradiogenic component of ^^Ar/^^Ar was very low. Due to the very high
percentage of radiogenic Ar, an isochron calculation was not performed.
The high-temperature ages at -340 Ma are interpreted to represent a possible age of
the source sediments, which appear to be Carboniferous. The dated micas are therefore
considered to have been largely detrital, despite their alignment with the Si foliation.
However, the continuous age gradient also suggests that the muscovite in this sample has been
reset by later heating (McDougall and Harrison, 1988), and this episode of Ar loss appears to
be Mesozoic (possibly Late Cretaceous?) in age. However, this pattern could also reflect more
than one Ar loss event, the age(s) of which are not constrained by this data.
Sample EL 94-1 (Eliza Island).

The age spectrum (Figure 89a) shows an overall age

gradient, but with a relatively flat middle section. Total mean gas age for the sample is 129.8
+/-

1.2 Ma. The highest temperature steps (in which 12% of the gas was released) correspond

to apparent ages that range from 150 to 209 Ma. The relatively flat middle section (steps 3 to
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Apparent Age (Ma)

a. Age spectrum (JA 3-6)

b. Isochron plot (JA 3-6)

Figure 88. At/At step-heating results for JA 3-6 (Jack Island). TGA - total gas age.
All errors are 1 sigma.
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Apparent Age (Ma)

a. Age spectrum (EL-94-1)

b. Isochron plot (EL-94-1)
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a. Age spectrum (SA 4-4)

b. Isochron plot (SA 4-4)

Figure 90. Ar/Ar step-heating results for SA 4-4 (Samish Island). TGA = total gas age,
WMPA = weighted mean plateau age. All errors are 1 sigma.
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6, in which 65% of the gas was released) corresponds to apparent ages that range from 128.9
+/- 0.8 to 139.2 +/- 0.7 Ma. The weighted mean age for the plateau is 136.9 +/- 2.2 Ma, and
the age limit including 2 sigma and error in J is 132.5-141.3 Ma. The lowest temperature
steps, in which 23% of the gas was released, give apparent ages of 104.5 +/- 0.7 and 78 +!6.7 Ma. The isochron plot (Figure 89b) shows some non-atmospheric component. Although
steps 3 to 6 do not form a line, steps 7 to 11 do form a line, and an isochron calculation was
therefore performed for these steps. This calculation gives an isochron age of 147 +/- 1.2 Ma,
with a contaminant component of 36/40 Ar = 0.0020 (atm = 0.0034).
The highest temperature ages are difficult to interpret, and these ages could represent
either a detrital component or a Jurassic metamorphic component because its isochron age
does not overlap with the age of the middle flat section. The relatively flat, middle section of
the plot is highly suggestive of a metamorphic age at approximately 137 Ma, due to the
abundance of well-developed mica that was observed parallel to the Si fabric (Figure 49b), as
well as the very fine and uniform grain size of this mica. However, it is also possible that the
147 Ma isochron age for the high-temperature steps represents the metamorphic age and the
-137 Ma age reflects partial resetting at a later time although this should produce a gradient
through the middle section (McDougall and Harrison, 1988). An episode of Ar loss is also
indicated by the much younger apparent ages of the lowest temperature steps. This episode
may have occurred during the Late Cretaceous, but the exact age of this event is not well
constrained by the data.
Sample SA 4-4 (Samish Island)

The age spectrum for this sample (Figure 90a) shows

an overall age gradient from 305 to 90 Ma, with a flat section in the middle. Total gas age of
the sample is 186.1 +/- 2.5 Ma. Ten percent of Ar was released in the five highest-temperature
steps (10 to 15), giving apparent ages ranging from 283 to 305 Ma. The flat middle section
consists of four steps (3 to 6) that involved the release of 49% of the 39Ar. These steps give
apparent ages that range from 152 +/- 0.9 to 155 +/- 0.9 Ma. The weighted mean age of this
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plateau is 153.7 +/- 1.1 Ma, and the age limit including 2 sigma and error in J is 152.2 to
155.3 Ma. The age spectrum also shows a very small component (3.5 %) of Ar released in
step 2, with an apparent age of 90 +/- 4 Ma. The isochron plot (Figure 90b) indicates that the
non-radiogenic component of ^^Ar was so low that an isochron calculation would not affect
these apparent ages.
The age spectrum indicates that this sample probably represents a mixture of several
components (e.g. McDougall and Harrison, 1988). The Paleozoic ages (-300 Ma) are
interpreted to represent a possible detrital component, and may therefore represent an age of
the sedimentary source. The late Jurassic ages (-154 Ma) could be either metamorphic or
detrital micas, but the very recrystallized fabric on Samish Island with consistently welldeveloped micas parallel to Si (see Figure 68) indicates that this is probably a metamorphic
age. There also appears to have been an Ar loss event in the late Cretaceous (-90 Ma?), but
the exact age of this “event” is not well constrained by the data.

Interpretation of Ar/Ar dates

The sample from Jack Island (JA 3-6) appears to have been largely detrital, although
the gradient of apparent age indicates at least one episode of Ar loss during the Mesozoic.
The apparent age of the detrital mica in this sample is Carboniferous (-330 to -340 Ma) and
is broadly similar to the -300 Ma age of the inferred detrital component of the sample from
Samish Island (SA 4-4). These early detrital ages appear to be missing on the age spectrum of
the sample from Eliza Island (EL 94-1). However, the grain size of this sample was also
much finer and probably consisted of a lower detrital component.
Since the depositional ages for these rocks are thought to be Middle to Late Jurassic
(Brandon and others, 1988; Carver, 1988), it is possible that the Late Jurassic to Early
Cretaceous ages could represent another detrital component for the sediments. However, the
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Late Jurassic/Early Cretaceous ages (-137 Ma on Eliza Island, -154 Ma on Samish Island) are
interpreted to be metamorphic ages rather than depositional ages for several reasons. First,
both of these samples showed very abundant white mica parallel to foliation, and the sample
from Samish Island was particularly well-recrystallized. Several samples from Eliza Island
also showed bedding at a high angle to cleavage, and in these samples the fine white mica is
consistently parallel to foliation rather than bedding (see Figure 49b). Second, metamorphic
temperatures were estimated to be 250 +/- 50° C on Eliza Island and 3(X) +/- 50° C on Samish
Island (see previous sections), and these temperatures are very close to the Ar closure
temperature of white mica (McDougall and Harrison, 1988). Any detrital white mica would
be expected to be at least partially reset at these temperatures, and this may be reflected in the
gradients from the highest temperature steps to the flat middle flat sections shown in Figures
89 and 90.
The Late Jurassic (-154 Ma) age on Samish, as well as the early Cretaceous (-137
Ma) age on Eliza Island are therefore interpreted to represent metamorphic events, but their
relationship to one another is unclear because the mean plateau ages are different. It is
notable that the high-temperature ages of the Eliza sample are broadly similar to the inferred
metamorphic age of the Samish sample, which suggests that either some of the EL 94-1 mica
may reflect an earlier episode of metamorphism or that Samish-correlative rocks could form
part of the detrital component. In any case, both of these metamorphic ages are significantly
older than would be expected if they were related to the San Juan thrust event (84 to 100 Ma;
Brandon and others, 1988). The total gas ages for Eliza and Samish do, however, fall within
the 90 to 167 Ma range for whole-rock K/Ar ages that have been previously reported for the
Shuksan Suite (Brown and Blake, 1987).
It may also be significant that all three of the samples showed overall age gradients
with the lowest temperature steps being approximately Late Cretaceous. This could be due to
later resetting, and might reflect a (Late Cretaceous?) episode of Ar loss. Since the age of San
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Juan thrusting is also thought to be Late Cretaceous (84 to 100 Ma; Brandon and others,
1988), it is possible that the lowest temperature steps may reflect this event. An episode of Ar
loss without significant recrystallization would be consistent with the fact that there is only a
small amount of gas in all three spectra at that age, as well as with the field evidence that
indicates thrusting postdates the metamorphic fabric in this area.
However, it should be noted that the lowest temperature steps could also be produced
by slow cooling (McDougall and Harrison, 1988) from the Jurassic through the Cretaceous,
or by a mixture of micas of different ages and compositions (e.g. Wijbrans and McDougall,
1986). In this case, an age gradient due to slow cooling is considered to be unlikely because
the peak metamorphic temperature of these rocks appears to have been relatively low and
probably did not exceed 350° C. Since this peak temperature is not above the closure
temperature for muscovite (-350° C; McDougall and Harrison, 1988), any cooling that
occurred below this temperature through the Late Cretaceous would not be expected to
produce a gradient. Mixing with Late Cretaceous mica is also considered to be unlikely,
because these particular age gradients would be required to represent a significant component
of Jurassic (detrital?) micas as well as the Late Cretaceous (metamorphic?) mica, and the
petrographic and field evidence outlined above argues against this. These factors suggest that
the lowest temperature steps are most likely to represent an Ar loss "event", rather than slow
cooling or mixed micas.
Summary

Age spectra of the three dated samples are interpreted to indicate a detrital component of
Carboniferous age, and a metamorphic age that appears to be Late Jurassic to Early
Cretaceous. In all three samples, there is also evidence for a younger Ar loss event, which may
have occurred during the Late Cretaceous. However, the exact age of this event is not well
constrained by the data.
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COMPARISON OF FABRICS

Given the proximity of the Jack, Eliza, and Samish Islands and their lithologic,
metamorphic, and geochemical similarities, one would expect that some of the fabric(s)
observed on these islands should be correlative. Table 10 summarizes the character of the
fabrics that were observed on the islands with metasedimentary rocks. In general, there is
abundant evidence for pressure solution as the primary cleavage-forming mechanism for the
main foliation (Si) on Jack and Eliza, with metamorphic vyhite mica but very little
recrystallization of quartz. The general character of this foliation is very different from that
which was observed on Samish Island, where the main foliation (Si) is a strongly
recrystallized fabric and probably formed under higher temperatures (Simpson and DePaor,
1991). However, both of the later fabrics on Samish (S2 and S3) do show evidence for
pressure solution as a dominant cleavage-forming mechanism. Based on these observations, it
is unclear whether the main recrystallized foliation (Si) on Samish Island is actually
correlative with the main pressure-solution cleavage (Si) of Jack and Eliza Islands. If it was
formed at the same time (or in the same event), the main fabric on Samish must have formed
under deeper and/or hotter conditions.
The radiometric ages of white mica from these fabrics are also inconclusive for
specific correlation of the fabrics. The overall similarity of Ar/Ar age spectra for Si (Eliza)
and Si (Samish) suggest that the fabrics may be broadly equivalent (Late Jurassic-Early
Cretaceous), but the apparent 12-m.y. difference also indicates that the main pressure solution
fabric (Si) of Eliza Island may postdate the more recrystallized (Si) fabric of Samish. The
younger age of the main fabric on Eliza could therefore represent an age of the overprinting
(pressure solution) fabrics on Samish. However, it is then difficult to explain why the rocks on
Eliza escaped the penetrative S1 fabric that characterizes Samish Island, or why the Samish
age spectra does not show much evidence for a later (-134 Ma) S2- or S3-related “event.”
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Table 10. Fabrics observed on Jack, Eliza, and Samish Islands

JACK
ISLAND

Outcrop:

penetrative (Textural
Zone 2B). Forms
dominant cleavaee.

Thin section:

Thin section:

Orientation:

southwest-dipping,
subparallel to Si but
generally steeper
ELIZA
ISLAND

Outcrop:

Outcrop:

relict bedding on
southwest point;
transposed (Sq/Si)
elsewhere
mostly Sq/Sj;
possibility of an early
bedding-parallel
(possibly compactionrelated?) foliation with
insoluble residue
surfaces; preferred
orientation of chlorite
and white mica.

S2

Si

So

not observed

Thin section:

truncated grains with
irregular, pressuredissolved boundaries and
oriented fibrous
overgrowths in pressure
shadows; insoluble
residue surfaces; growth
of white mica; quartz
relatively unstrained
Pressure solution.

S3
Outcrop:

not observed

Thin section:

not observed

not observed

Orientation:

southwest-dipping;
subparallel to Sq in
most thin sections

Outcrop:

penetrative (Textural
Zones 2A to 2B+).
Forms dominant
cleavage.

Outcrop:

obvious at fold hinges
and north point;
transposed SO/Sl
elsewhere

intermittently developed, not observed
generally weak, spac^
crenulation cleavage
(observed on south point
only)

Thin section:

Thin section:

Thin section:

Thin section:

Outcrop:

relict bedding,
commonly graded;
possibility of an early
bedding-parallel foliation
(compaction-related?)
with insoluble residue
surfaces; truncated grains
with irregular
boundaries; rootless
folds of So transected
by Si-

Orientation:

NE-striking with
variable dip; generally
shallow relative to S i

Outcrop:

not observed
insoluble residue
surfaces; truncated grains
with irregular, pressuredissolved boundaries and
cleavage-parallel fibrous
overgrowths; preferred
orientation of abundant
fine white mica; quartz
relatively unstrained
Pressure solution.

Orientation:

east- and southeast
dipping

Orientation:

east-dipping;
generally steeper than S2
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not observed

Table 10 (cont.) Fabrics observed on Jack, Eliza, and Samish Islands.

SAMISH
ISLAND

Outcrop:

Outcrop:

Outcrop:

Outcrop:

very rare
(southwest only);
transposed to S()/Si
elsewhere

penetrative, beddingparallel foliation;
Incipient segregation
layering on east
shoreline (Textural
Zones 2B+ to TZ 3A-).
Forms dominant
cl^^v^ge.

much weaker than S1,
but variably developed
(weak to subpenetrative)
foliation.

variably developed,
spaced crenulation
cleavage, variably
developed (nonexistent
to weak to nearly
penetrative) localized
apparent offsets of
crenulated S1/S2
surfaces and veins

Thin section:

Thin section:

Thin section:

Thin section:

not observed

Well-defined bands of
opaques, graphite, and
residue. Pervasive
recrystallization of
oriented platy and
elongate metamorphic
minerals, including
muscovite, chlorite, and
lesser actinolite.
Pervasive subgrain
development in quartz.
Metamorphic
recrvstallization.

Wispy discontinuous
residue surfaces, forming
local spaced crenulations
of Si surfaces. Rotation
and folding of S1
minerals into S2 plane.
Oriented growth of very
fine white mica only,
with no significant
quartz recrystallization.
Pressure solution.

Spaced crenulations of
Si and S2 surfaces. Si
minerals (muscovite,
chlorite, and actinolite)
are folded along with S2
surfaces. Local, spaced
dissolution residue
surfaces and apparent
offsets of crenulated S1
and S2 surfaces. Oriented
growth of fine white
mica, and no significant
quartz recrystallization.
Pressure solution.

Orientation:

Orientation:

generally E-W striking;
moderate to steep south
dip, subparallel to S1;
generally steep relative
to S3

variable strike, generally
moderate dip to the
south, west, and
southwest. Generally
shallow relative to S1
and S2

Orientation:

Orientation:

parallel to Sj

generally E-W striking;
moderate to steep south
dip; subparallel to S2

178

Ar/Ar dating of the fabric on Jack Island was unsuccessful, because this sample appears to
have been primarily detrital. Better dating of the metamorphic fabric would be necessary to
provide a more conclusive tie to the fabrics observed on Eliza and Samish.
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SUMMARY AND CORRELATION OF THE METASEDIMENTARY ROCKS

Based on the observations of the previous sections, there appear to be many
similarities among the metasedimentary rocks of Jack, Eliza, and Samish Islands. These
similarities are as follows:
(1) the presence of lithic-quartzofeldspathic metagraywackes, which are
generally rich in chert;
(2) possible geochemical enrichment in silica vs. alumina (also indicating that
the protolith is chert-rich), as well as overall enrichment in some trace elements (Ni,
Cr, V, Zr, and Zn) relative to others (Sc, Y, Nb, Cu, and Pb);
(3) the presence of a metamorphic vein assemblage consisting of quartz,
calcite, prehnite, pumpellyite, and actinolite;
(4) the presence of at least one strong but variably developed (TZ 2A to 3A)
foliation, which appears to be Late Jurassic-Early Cretaceous in age (-137 to -154
Ma), and which is generally disrupted by later thrusting;
(5) broad similarities in the ages of the inferred detrital white mica from Jack
Island and the inferred detrital component from the Samish age spectra. The
apparent age of white mica within the source sediments appears to have been
-300 to -340 Ma.

There were also some significant differences between the metasedimentary rocks,
and the following factors might suggest that the rocks on Samish Island in particular could
be unrelated to those of Jack and Eliza Islands:
(1) the rocks of Samish Island are distinguished by the presence of minor
intercalated metatuff, which suggests proximity to an island-arc source;
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(2) the rocks of Samish Island contain more well-developed actinolite, some
of which appears to be syntectonic with the main foliation. Syntectonic actinolite was
not generally observed within Jack or Eliza samples, although it does occur within
deformed veins.
(3) the rocks of Samish Island are significantly more recrystallized, and are
characterized by multiple mappable foliations. Only one well-defined foliation was
observed on Jack Island, and one well-defined fabric with an intermittent second
cleavage was observed on Eliza.

Due to the very limited exposures in this area, it is possible that tuffaceous layers
occur elsewhere, but are unexposed. Most of the other observed differences relate to
metamorphic fabric development, and the rocks appear to be otherwise very similar in
lithology, geochemistry, metamorphic minerals, and a broadly similar metamorphic age.
Based on these considerations, this thesis proposes that Jack, Eliza, and Samish Islands are
correlative units, and probably form part of a single but variably reconstituted package. The
differences in fabric development on Samish Island may indicate that these rocks are from a
deeper (or hotter) structural level than those of Jack and Eliza Islands.
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DEFORMATION HISTORY

The deformational events that were determined for each of the individual islands are
here combined to develop a common kinematic history for the study area. Table 11
summarizes the regional deformational "events", as they are expressed by observed structures
in this study area. Lower-case terminology refers to the deformational events (e.g. di, d2,
etc.) that were identified on individual islands. Wherever possible, these events have been
correlated, based on similarities in structural style and/or timing relative to other observed
structures. Upper-case terminology (e.g. Di, D2, etc.) refers to the resulting set of "inter
island" deformational events.
The interpretation that Jack, Eliza, and Samish Islands all form part of a single terrane
implies that they should have experienced a similar early history, but precise correlation of
the ductile structures was difficult (due mainly to the differences in fabric development,
discussed above.) There is, however, a general lack of Di to D3 ductile structures within the
igneous rocks of Guemes Island and vicinity, and this suggests that during the regional D) to
D3, the structural history of the metasedimentary rocks was separate from that of Guemes
Island and its immediate neighbors. The overall similarity of structural styles and relative
timing from the development of Stage I faults onward suggests that there is at least a partially
shared (if rotated/folded) tectonic history from D4 to present. Although post-Ds events were
grouped based on style and age relations, it is important to note that the kinematic axes
associated with these late events were inconsistent between islands until the latest fold events.
Some possible reasons for this inconsistency are discussed in a later section.
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Table 11. LOCAL DEFORMATION HISTORY

d 1

Ductile structures:

Kinematics:

lsoclinal F 1 folding

Z: unresolved

do

of So produces

D7

recrysta lli zed
tabric(S1) ; early

Eliza

Jack Island

Samish Island

(Refolded)

(V 1) ve ins;
dominant foliation

Early (softsedime nt?)
disruptio n of
bedding and
possible bedd ingparallel
compactionrelated foliation;
early (V 1)

do

metamorphic
veins?

(?

d2

Guemes Island

Island

Early (softsed iment?)
disruption of
bedding and
possible bedding parallel
compactionrelated foliation;
early (V 1)
metamorphic
veins?

.

154 Ma)

Ductile structures:

Kinematics:

Tight to lsoclinal,
northeast-vergent
F 2 folding of S 1

Z: shallow,

(and V1) produces

(Refolded)

d1

N-plunging

Ductile structures:

Kinematics:

lsocllnal F 1 folding

Z: subvertical.

of So produces

d 1

NE-plunging

•

S2 pressure

main pressure
solution
fabric (S 1 );

solution fabric

dominant folia tion

(Refolded}

Ductile struciures :

Kinematics:

lsoclinal
northeast -vergant
F 1 folding of So

Z: subvertical,

produces
pressure solution
fabric(S 1 );

WNW-to
NW-plunging
--not recognized-·
(Refolded)

localized
transpos ition of
So to Sots ,;

don1ioaot foliolino

(?
or

see

d3

Ductile structures:

Kinematics:

Variable (tight to
open) F3 folding of

Z: moderate to

S2 produces weak,
variably developed
S3 pressure

dz
--not recognized-·

steep,
NE-plunging

137
147

Ma
Ma;

t~xt)

Ductile structures:

Kinematics:

variably developed
weak S2 fabric; no

Z: moderately
steep, W- to
NW-plunging

folds observed

(Refolded?)

solution fabric

d4
D4

Co,npressional
brittle structures:

Klru,1r1a tic:;:

Stage I faults
and associated
•
veins

thrust/reverse
(top-to-north?)
apparent motion

dz

Compressional (?)
brittle structures:

Kiriematics:

Stage I (?) faults
and associated
•
veins

thrust (top-tonortheast)
apparent motion

d3

Comp1esslonii.l
brittle structures:

Kinematics:

Stage I fau lts
and associated
•
veins

thrust (top-tonorth and
northeast)
apparent motion

d7

Compressional (?)
brittle structures:

Kinematics:

Stage I faults

thrust (top-tonortheast?)
apparent motion

--and··
Fault Zeno A

(mixed kinernatics;
P, T not analyzed)

(limited data;
P, T not analyzed)

d5
D5

Extensional
(inclined) brittle
structures:

Kinematics:

Stage II faults

norma l/ reverse
oblique {southdown) motion

d3

Extensional brittle
structures:

Kinema tics:

Stage II (?) faults

norrnal (top-towest and south)
apparent motion

P: Inclined,
N-plunging
T: inclined,
S-plunging

En echelon veins
(V3)

(mixed kinematics;
P, T not analyzed)

(mixed kinematics;
P, T not analyzed)

d4

Extensiona l Orittle
structures:

Kinematics :

Stage I faults
and associated
•
veins

normal (pri111e1rily
top-to-south and
northeast) n1otion

dz

Extensional brittle
structures: ·

Klne111atics:

Stage II faults

normal (top-to
west) apparent
motlor1

P: steep,
NW-plunging
T: shallow,
SE-plunging

P: steep,
NW-plunging
T: shallow,
S-plung ing

(n1ixed kinernatlcs;
P, T not analyzed)

···············---

···········----------

P: steep,

En eche lon veins
(V2 )

N-plunging
T: shallow,
SW-plung ing

normal (top-toeast and south)
apparent motion
(mixed kinemati cs;
P, T not analyzed)

,-..

Late (strike-slip?)
brittle structures:

Kinematics:

Stage llf faults

strike-slip

Late (strike-slip?J
brittle structures:

I

p
0

s

-

s

- ~p-pm-ent rno-tion

(limited data;
P, T not analyzed)

d5

Late /scrike-stip?J
brittle structures :

Kine,nacics :

Stage II faults

strike-s li p

p
0

p
0

0

s

Kinernatics:

Stage Ill faults

stri ke-slip n1otion

s

NE-SW shortening
NW-SE extension

d3

Kinematics:

Stage Ill faults

strike-slip motion

d3

T-

T

Late (strike-slip?)
brittle structures:

'·r

-E-W shortening
N-S extension

(limited data;
P, T not analyzed)

d4

T

D5

------------------

------------------

------------------

------------------

En echelon veins
(V2)

NW-SE shortening
NE-SW extension

En echelon veins
{V3)

NE-SW shortening
NW-SE extension

N·S shortening
E-W (Inclined)
extens ion

Kink folds

WNW-ESE
shortening
(steep exter1sion)

Kink folds

ESE-WNW
shortening
(steep extension)

Kink folds,
L2 crenulations(?)

------------------

------------------

------------------

Open regional
Inferred folding
(see Discussion)

NE-SW shortening

Open regional
inferred folding
(see Discussion)

------------------

------------------

------------------

NE-SW shortening

Open regional
Inferred folding
(see Discussion)

NE-SW shortening

N-S shortening

Open F2 folds of

N-S shortening

•

R
E
C
E
N
T

Open F4 folds of
S 1 , S2, S3, V3
veins(?), and
possibly kinks

N-S shortening

Open F2 folds of

S 1 and early fau lts

S 1 cleavage and
early faults

,
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--not recognized--

Ductile deformation

Dj to D3: (Jack, Eliza, and Samish Islands only)

A relatively early set of ductile

events (Di to D3) has affected all of the rocks on Jack, Eliza, and Samish Islands. Ar/Ar
dating of metamorphic mica suggests that the ductile deformation probably occurred during
the Late Jurassic to Early Cretaceous (137-154 Ma). In general, Di to D3 involved tight to
isoclinal folding and the development of at least one well-developed and generally beddingparallel metamorphic fabric (Sj), with a more variably developed (but generally weaker) set
of spaced foliations (S2 to S3). Most of the observed asymmetric folds on Samish (F3) and
Eliza (Fi) Islands are northeast-vergent.
Precise correlation of the fabrics was not possible, but the Di event is interpreted to
have been limited to Samish Island due to the apparent Ar/Ar age of the Si fabric (-154 Ma)
relative to a younger Ar/Ar age of Si on Eliza Island (-137 or -147 Ma). Di on Samish
Island involved the metamorphic recrystallization of quartz/albite, white mica, chlorite, and
actinolite, as well as the development of Li stretching lineations. Metamorphic minerals
associated with Di to D3 on the other islands include white mica, actinolite, pumpellyite,
quartz, and calcite. Extremely fine-grained possible lawsonite was also observed, but only on
Eliza Island.

Brittle Deformation

D4: (all islands)

A regional D4 event is inferred, which appears to have juxtaposed

the metasedimentary package (Jack, Eliza, and Samish Islands) with the relatively
unmetamorphosed igneous rocks (Guemes Island) in which pre-D4 structures are not
observed. This event probably involved thrusting, and it is possible that much of this thrusting
may have occurred along the general zone that is defined by Fault Zone A on northeast
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Guemes Island. Although the original kinematics are unclear along Fault Zone A and the
entire fault zone may be rotated as well, there is some evidence that thrusting was top-tonortheast at this location (in its present orientation). However, measurable striae were very rare
and their mixed kinematics (see Figure 20a) suggest that this may be a reactivated structure
with top-to-west and southwest motion along some fault surfaces.
The earliest (Stage I) faulting and associated vein development is interpreted to be
related to the D4 event as well, mainly because there was some evidence on nearly every
island for an early phase of thrusting that postdates the formation of cleavage.This faulting is
generally expressed as thrusts within the metasedimentary rocks and higher angle (south
dipping) faulting within the igneous rocks. Although the earliest (Stage I) faults are typically
subparallel to the main cleavage within the metasedimentary rocks, they consistently disrupt
the foliation. Many of these faults are extensively veined. However, measurable striae are very
rare so kinematics of the Stage I faults are not well-constrained. In general. Stage I faults
within the study area appear to be complex structures, and in some cases appear to be
reactivated.
D5: (all islands)

This “event” involves Stage II faulting, which is characterized by

extensional kinematics. Stage II normal faults are most obvious on Guemes Island, where
cohesive rock types produced measurable striae (Figure 20b). However, these structures do
appear to be pervasive throughout the study area, and most appear to have indicate top-towest and top-to-south motion (top-to-east on Eliza). The subvertical thinning they have
accommodated suggests that they are possibly related to uplift.
post-Ds: (all islands)

This set of event(s) appears to be dominated by strike-slip

Stage III faulting, but also includes other late structures (kink folds, en echelon veins, and late
folds of cleavage). Kinematics of some of these structures were very poorly constrained.
However, most of the analyzed stmctures have P and T axes that are both relatively shallow,
and although their trends are variable, most appear to indicate strike-slip kinematics.
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Therefore, they are grouped as one “event” in Table 11, although they do not all appear to
be kinematically compatible.
Based on the regional pattern of cleavage orientation (described in a later section),
there is also some evidence for a relatively late regional (km-scale) southeast-plunging
antiform that crosses the study area. This folding is probably post-Eocene in age, because it
also affects the Eocene Chuckanut Formation (Johnson, 1986) to the east, as well as rest of the
San Juan thrust system (Brandon and others, 1988) to the west.
Relatively open and east-west trending folds of foliation also occur on all three of the
metasedimentary islands, and these folds are very comparable in style, scale, as well as
orientation. These folds are at a relatively high angle to the regional NW-SE folds, and they
indicate N-S rather than NE-SW shortening. Because they appear to be much less scattered
than almost all other observed structures, these late folds are tentatively interpreted to be the
most recent structures observed within the study area. If they are indeed very recent, then
these folds would also be consistent with the modem stress field, which is based on earthquake
data that indicates N-S shortening (Ludwin and others, 1991; Roberts, 1999).
Note on brittle structures (D4 through post-Ds):

Several generations of crosscutting

faults were clearly observable in this study area, but the dataset of brittle-regime kinematics
should be considered to be very preliminary and the importance of a regional analysis is clear
for several reasons. First, there is the strong possibility of later folding and/or rotation of
structures. Recent paleomagnetic work by Burmester and others (2000) suggests significant
rotation in these rocks, and this rotation appears to have occurred after post-cleavage
remagnetization. When compared regionally, the results of this study also suggest that late
folds may occur in not one, but possibly two directions (see Discussion). Finally, Cowan and
Brandon (1995) show how scattered the slip vectors may be within even a single fault zone.
This suggests that any discussion of fault motions in this area should be regional in scope and
based on a much larger dataset than was collected here.
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A more comprehensive analysis of the faulting in this area would be very important.
Although there was a generalized pattern which allowed the differentiation of Stage I/Stage
Il/Stage III faults, the preliminary data of this study suggests that there may be significant
changes in kinematics from one island to the next, because the derived kinematic axes of
brittle structures are quite different on each island. This is possibly due to the changing
directions of mechanical anisotropy (along cleavage?), but may also indicate localized
partitioning of stress/strain, and possible reactivation along the earlier faults as well. In any
case, it does appear that the islands may have, to some extent, continued to behave and
deform as discrete, individual blocks and/or packages throughout the late, brittle structural
regime.
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Section III: DTSCIISSION

It was the primary purpose of this project to describe the structures exposed within the
easternmost San Juan Islands, and to attempt to develop a common kinematic history for the
study area. However, the results of this study have implications for several more regional
problems which include: (1) the possible occurrence of multiple terranes within the
easternmost San Juan Islands, as proposed by Blake and others (2000); (2) the stmctural
heterogeneity within metasedimentary rocks of the eastern San Juans; and (3) the relationship
and/or boundaries between the easternmost Decatur terrane and the westernmost Shuksan
Suite; and (4) the previously proposed mechanisms and relative timing of regional cleavage
development.

POSSIBILITY OF MULTIPLE TERRANES

Redefinition of the Decatur terrane

Recent work by Blake and others (2000) indicates that the Decatur terrane as it was
previously defined is actually made up of at least two and possibly three separate terranes,
based on overlapping ages and differences in metamorphism. These packages are: (1) the
Fidalgo Igneous Complex and associated sediments; (2) the newly defined Pi-she-la-qem
terrane of Blake and others (2000); and (3) metasedimentary rocks of the Shuksan
Metamorphic Suite, which forms part of the “Easton terrane” of Tabor (1994).
Fidalgo Igneous Complex.

The Fidalgo Igneous Complex consists of a Middle to

Late Jurassic (152-170 Ma) arc-volcanic complex that intrudes an older, disrupted ophiolite
sequence. This ophiolite complex is overlain by an ophiolitic breccia as well as fine-grained
radiolarian tuffs and tuffaceous argillites that grade upward into clastic turbidites. The
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distinguishing characteristic of these rocks (following Blake and others, 2000) is that they
lack a metamorphic fabric as well as blueschist-facies minerals. The plutonic rocks on Fidalgo
Island do, however, contain a static metamorphic assemblage that consists of actinolite,
chlorite, epidote, and albite (Brown and others, 1979), but this alteration is ascribed to
hydrothermal sea floor metamorphism (Brown and others, 1979; Brandon and others, 1988).
Carroll (1980) also observed veins of prehnite, pumpellyite, quartz, and epidote within the
Fidalgo Complex on Lummi Island.
Pi-she-la-qem terrane.

Following Blake and others (2(X)0), this newly defined

package is an ocean floor sequence consisting of MORB-like pillow basalts overlain by
radiolarian chert (Toarcian to Tithonian) and locally intruded by alkalic gabbro and diabase
that are overlain by alkalic pillow basalts. At some locations (such as on Lummi Island) the
chert grades upward through hemipelagic siliceous mudstone into continent-derived
metagraywacke. All of these rocks have a penetrative axial-planar cleavage (TZ 2A) and
contain high-pressure minerals that include lawsonite and aragonite.
Shuksan Metamorphic Suite.

The Shuksan Metamorphic Suite consists primarily of

an interstratified and internally faulted assemblage of Late Jurassic to Early Cretaceous
greenschists and blueschists (“Shuksan Greenschist” and “Darrington Phyllite”). Wholerock K/Ar ages from the Shuksan range from ~90 to -168 Ma (Brown and Blake, 1987).
However, most workers have interpreted an age of 120-130 Ma for the blueschist event, based
on Rb/Sr and whole-rock K/Ar dating (Armstrong, 1980; Brown, 1986, Brown, 1987). The
depositional age of the Shuksan is considered to be approximately 150 to 160 Ma (Brown
and others, 1982; Armstrong and others, 1983).
On south Chuckanut Mountain (to the immediate east of this study area), the
dominant lithology is Darrington Phyllite, which is composed of a multiply foliated,
quartzose carbonaceous semischist and phyllite (Gallagher, 1986; Gallagher and others,
1988). There are also meta-igenous rocks on south Chuckanut Mountain (-163 Ma diorite
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and gabbro) which Gallagher (1986; also Gallagher and others, 1988) have also included
within the Shuksan, based on similarities in metamorphic structure and facies as well as the
occurrence of meta-igneous clasts within the phyllite. Within the easternmost San Juan
Islands, Blake and others (2000) have distinguished the Shuksan-correlative rocks by their
well-developed fabrics (TZ 2B to 3A-), as well as the presence of metamorphic actinolite and
pumpellyite.

Correlation of this study area with regional terranes

The generalized rock types that occur within this study area are shown on Figure 91,
and their proposed regional correlations are as follows:
Igneous rocks of Guemes Island and vicinity.

All of these islands are currently

assigned to the Fidalgo Igneous Complex (Brandon and others, 1988), and the occurrence of
very similar lithologies on Fidalgo Island and elsewhere (Brown and others, 1979; Brandon
and others, 1988) indicates that most of these rocks probably do represent part of the Fidalgo
Igneous Complex. The ultramafics on Hat, Dot, and Saddlebag Islands are interpreted to
represent part of the base of older ophiolite, and the diorite with crosscutting mafic and
feldspathic dikes that occur on Guemes and Huckleberry Islands are interpreted to represent
the arc-intrusive component of the Fidalgo Complex (Brown, 1977).
There are a wide variety of other volcanic, metavolcanic, and metasedimentary rocks
on Guemes Island as well, and these variably metamorphosed rocks appear to be primarily
associated with Fault Zones A and C (Figure 91). At least some of the metavolcanic rocks
appear to be metamorphosed to subgreenschist (pumpellyite-actinolite) facies.The diversity
of rock types and their structural incoherence suggest that at least some of the exposures
along Fault Zones A and C are probably unrelated to the Fidalgo
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Figure 91. Regional map showing proposed lithotectonic correlations for the eastern
San Juan Islands. Line B-B’ indicates location of regional cross-section shown in Figure 95.

Complex, particularly those that contain a strong deformational fabric. These rocks were not
assigned to any single regional package, and are shown on Figure 91 as fault-related
melange.
Metasedimentary rocks of Jack, Eliza, and Samish Islands.

Jack Island is not shown

on any previous regional maps, but it does occur within the mapped boundaries of the
Decatur terrane (Brandon and others, 1988; Garver, 1988). On the basis of location and
lithology, the rocks on Jack Island appear to be correlative with part of the Lummi Group of
Garver (1988). Eliza Island has been previously mapped as part of the Lummi Formation
(Brandon and others, 1988). Although this area was not included in Garver's (1988) more
detailed subdivision of the Lummi Formation into the Lummi Group and overlying
Obstruction Formation, these rocks are possibly correlative with Garver's Lummi Group
(1988), based on their location, their broad similarity to rocks on Lummi Island, and their
lithic-quartzofeldspathic composition. Previous correlations of the rocks on Samish Island are
ambiguous. Samish is not typically included on regional maps, but was mapped as "JK?" on
the map of Brandon and others (1988). This suggests a Jurassic-Cretaceous inferred age of
uncertain correlation. However, a number of workers (E.H. Brown, pers. comm.) have
generally considered Samish Island to be correlative with the Darrington Phyllite of the
Shuksan Metamorphic Suite, which is also exposed on south Chuckanut Mountain (Gallagher,
1986; Gallagher and others, 1988).
The metagraywacke exposed on south Chuckanut Mountain (Figure 91) is indeed
very similar to that of Samish Island. These rocks have a similar lithic-quartzofeldspathic
lithology, as well as very similar metamorphic minerals (actinolite, pumpellyite, white mica,
and epidote). The rocks of South Chuckanut Mountain are also multiply deformed, and bear
a similar number of foliations (and relative intensity) to what was observed on Samish Island.
In general, however, the rocks of south Chuckanut appear to be significantly more
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reconstituted (TZ 3A) than those on Samish Island, and are recrystallized enough to be
described by Gallagher (1986) as "semischist."
This study proposes that the metasedimentary rocks that are exposed on Samish
Island are correlative with the metagraywacke of south Chuckanut Mountain, and may
therefore form part of the westernmost Shuksan Suite (as defined by Gallagher, 1986). If the
geochemical, lithologic, and metamorphic similarities (outlined in a previous section) are
correct, then it appears that Jack and Eliza Islands should also be included within this unit,
although these islands are even less reconstituted. However, all three islands do share the
presence of at least one strong deformational fabric (which is highly disrupted and generally
appears to predate thrusting in outcrop), and also share a phase of actinolite-pumpellyite vein
metamorphism. These rocks also appear to be distinguished by the apparent metamorphic
age of the foliation (154-137 Ma), which clearly predates the Late Cretaceous foliation that
has been previously reported from within other San Juan terranes (Brandon and others,
1988). It is therefore proposed that all of these metasedimentary rocks may represent a less
reconstituted equivalent, and are possibly transitional into the previously defined Shuksan
Suite of Gallagher and others (1988).
Although the intensity and number of the foliations are variable within this study area,
the metamorphic ages that were determined for the main fabrics on Samish and Eliza Islands
are broadly similar, and both are strongly suggestive of Shuksan ages. If the Middle to Late
Jurassic (150-160 Ma) depositional age for the Shuksan is correct (Brown and others, 1982;
Armstrong and others, 1983), then the Late Jurassic to Early Cretaceous metamorphic ages
from the At/At data (-154 to 137 Ma) suggest that these rocks must have been
metamorphosed very rapidly after deposition.
Importance of Fault Zone A on Guemes Island.

The general character of Fault Zone

A on the northeast shoreline of Guemes Island suggests that a major structural boundary may
exist within the Decatur terrane as it has been previously defined. If the igneous rocks on
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Guemes Island are part of the Fidalgo Complex and the metasedimentary rocks to the north
are part of a separate terrane, then Fault Zone A (Figure 91) is particularly important because
this fault zone may represent part of the terrane boundary that separates these two packages.
Similarities of scale, orientation, and juxtaposed rock types further suggest that Fault Zone A
may be continuous with a major fault zone that separates the ophiolitic rocks from oceanic
metasedimentary rocks on north Cypress Island as well (Blake and others, in preparation;
Figure 91).
If Fault Zone A is indeed a terrane boundary, then it may form part of the original
thrust that separates the relatively unmetamorphosed rocks of the Fidalgo Igneous Complex
from the oceanic metasedimentary package (Shuksan Suite?) to the north. Unfortunately,
very little unambiguous kinematic information could be extracted from the fault zone on
Guemes due to its probable reactivation (see Figure 20; Table 1). However, the very limited
data suggests possible northeast vergence at this location.

CORRELATION OF DEFORMATION HISTORY WITH REGIONAL EVENTS

Previously described regional structure

San Juan Islands and the Decatur terrane.

There are relatively few published

descriptions of multiple generations of structures similar to those observed in this study area.
Brandon and others (1988) have distinguished a series of events that involved the main
episode of San Juan thrusting. Although there has been some disagreement on their relative
timing (discussed in a later section), these events as defined by Brandon and others (1988)
are: 1) a Late Cretaceous thrust event, which they interpret to be south west-vergent and which
juxtaposed the Decatur terrane against other San Juan terranes; 2) static high-pressure
metamorphism; and 3) the formation of a widespread pressure solution cleavage.
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In addition to the work of Brandon and others (1988), Carver (1988) has reported a
detailed deformational history, in which he contrasts the structure of the Fidalgo Complex
and overlying James Island Formation (which he infers to make up the lowermost portion of
the Lummi Group) with that of the Obstruction Formation. Carver's interpretation of the
structural history of the Decatur terrane involves the following events: (1) complex early
deformation of the Fidalgo Complex, which included basement uplift and subsequent
deposition of the James Island Formation; (2) further deformation of the James Island
Formation (and presumably the rest of the overlying Lummi Group). This deformation is
expressed as east-west trending "thrust-bound panels" juxtaposed along steep, south-dipping
faults, together with lawsonite- and prehnite-grade metamorphism; (3) synthrusting
deposition of the Obstruction Formation, which Carver correlates with the main San Juan
thrust event; (4) further deformation within the Obstruction Formation, which involves
north west-vergent folds and development of an Si fabric, which is described as a nearly
bedding-parallel cleavage. This folding is also interpreted to be related to the main thrust
event (Carver, 1988); and (5) high-angle strike-slip faulting within the James Island
Formation and late open folding about north-trending axes. Relatively late (post-Eocene?)
regional NW-SE folding is also inferred to produce a weak, intermittent second foliation,
which appears to only occur within the Obstruction Formation (Carver, 1988).
Previous work by Carroll (1980) provides further data on regional deformation. In
his structural study of Lummi and Eliza Islands, Carroll describes early disruptions of
bedding, which appears to have been followed by folding that was accompanied by a variably
developed axial planar cleavage. Carroll also suggests the possibility that at least locally, the
main foliation appears to be folding an earlier cleavage. Relatively late, high-angle strike-slip
faulting is described for Lummi Island. On Eliza Island, Carroll describes low-angle thrusts
related to cleavage. Kink folds are reported to occur on both islands, and are considered to be
possibly related to the strike-slip faulting observed on Lummi. Finally, he proposes that both
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the kinks and the cleavage have been folded, possibly about regional (post-Eocene?) NWtrending axes.
Shuksan Suite and Northwest Cascades System (NWCS).

Although the Shuksan Suite

has been multiply deformed and metamorphosed, the structural history and geochronology
of this package is much better understood than that of the Decatur terrane. Following Brown
(1986), there is an early amphibolite-grade metamorphic event reported for some blocks
within the Shuksan, which has been dated by K/Ar methods as 144-164 Ma (Armstrong,
1980). This event was followed by a second, main phase of blueschist metamorphism, dated at
120-130 Ma by Rb/Sr and K/Ar methods (Misch 1963, 1964, Bechtel Report, 1979, and
Armstrong, 1980; reported in Brown, 1986). The blueschist event produced several distinct
deformational fabrics. The first deformational fabric forms a pervasive foliation (Si), with
associated mineral and clast stretching lineations (Ll) and rare isoclinal Fl folds. Continued
deformation produced a much less penetrative axial planar cleavage (S2), a crenulation
lineation (L2), and tight to isoclinal folds (F2). The D2 deformation produced some
recrystallization of bent blueschist-facies minerals in F2 fold hinges, but no substantial new
mineral growth. The Shuksan Suite (and NWCS in general) is considered to have been
emplaced along low- and high-angle post-metamorphic thrust and dextral strike-slip faults
(Brown, 1987). Although the timing of this emplacement is not well-constrained. Brown
(1987) reports that two late Cretaceous whole-rock mylonite ages (87 and 91 +/- 3 Ma)
probably provide the best indication of age of faulting. Emplacement of the Shuksan Suite is
therefore interpreted to be broadly coeval with the San Juan thrust event (Brown and Vance,
1987). High-angle Tertiary faults and north west-trending folds are also reported to crosscut
and deform the Late Cretaceous structures throughout the NWCS (Brown, 1987).
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Comparison with this study area

Dl: (Samish Island only)

The Si fabric on Samish Island is very similar in character

and may be equivalent to the penetrative Si which is reported by Brown (1986; 1987) for the
Shuksan Suite, and also by Gallagher (1986) for the Barrington Phyllite which occurs on
South Chuckanut Mountain. The previously reported ages of the Si fabric and associated
blueschist metamorphism within the Shuksan are 120-130 Ma by Rb/Sr and K/Ar whole-rock
analysis (Misch 1963, 1964, Bechtel Report, 1979, and Armstrong, 1980; reported in Brown,
1986; 1987). However, the fact that all three samples in this thesis showed evidence of late Ar
loss suggests that the actual metamorphic age of the Shuksan Suite may be somewhat older
than the previously reported whole-rock ages would indicate. The age of Si-related mica
from Samish Island suggests that the Di event may be closer to 150 Ma.
D2: (Samish Island only)

This S2 fabric is also very similar and probably equivalent

to the S2 which has been described by Brown (1986; 1987) for the Shuksan Suite, and which
is also described by Gallagher (1986) to occur within the Barrington Phyllite on south
Chuckanut Mountain. Although the second foliation has been interpreted by Brown (1986;
1987) to represent a continuation of the main blueschist event, it is also reported that this
fabric is very weak and produced only very minor new mineral growth. This is very similar to
what was observed on Samish Island. One notable difference is that in this study area, there is
not the mutually perpendicular relationship of Li to L2 which was previously described by
Brown for rocks of the Shuksan Suite. Instead, Li and L2 are nearly parallel on Samish
Island, with both Li and P2 axes plunging moderately to the west.
The main (Si) fabrics of Jack and Eliza Islands are intensely flattened, with evidence
only for pressure solution and no lineations or stretching. In this respect, they are very similar
to the post-thrusting SMT fabric of Brandon and others (1988; 1993; also Feehan and
Brandon, 1999). However, the Ar/Ar age of metamorphic mica on Eliza Island (-137 Ma)
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indicates that this particular pressure solution fabric is older than the Late Cretaceous SMT
fabric of Brandon and others (1988; 1993; also Feehan and Brandon, 1999). Like the fabric
on Samish Island, the foliation on Eliza (and Jack Island?) appears to predate the Late
Cretaceous thrust event and appears to be much closer in age to that reported for the
Shuksan. The Late Jurassic-Early Cretaceous metamorphic ages, together with the consistent
(thrust-related?) disruption of cleavage suggest that D2 in these rocks probably predates the
main San Juan thrust event of Brandon and others (1988; 1993; also Cowan and Brandon,
1994).
The presence of a flattening fabric becomes a significant problem, because this fabric
is so different from the strongly lineated fabrics that are generally described from within the
Shuksan. However, it could be that strain was partitioned so that the islands with the flattened
fabrics of Jack and Eliza Islands may reflect areas of relatively low strain. The lineated rocks
of Samish Island may represent a different level that experienced higher strain.
D3:

There is no regional description of an S3 fabric similar to that which was

observed on Samish Island, but it is possible that this fabric (and the weak, intermittent S2 on
Eliza Island) might be correlative with the regional SMT cleavage described by Brandon and
others (1988, 1993; Feehan and Brandon, 1999). However, it was not clear whether the
cleavage overprints the thrusts, as reported by Brandon and others (1993; also Cowan and
Brandon, 1994; see D3-D4 on Table 11). Although critical exposures are rare, the latest
cleavage in outcrop appears to be disrupted across thrust faults (see Figure 51 from Eliza
Island), but there is also a strong possibility that the faults in this area may have been
reactivated.
The ductile fabrics associated with D3 in this area are also superficially similar to the
spaced S2 cleavage that was described by Carver (1988) within the Obstruction Formation,
but again the relative timing with respect to thrusting is different. Another problem is that in
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this study area, the weakly spaced foliation is not axial planar to the Tertiary north-trending
open upright folds to which Garver (1988) has attributed his S2 cleavage.
D4:

Because most Stage 1 and subsequent faulting affects rocks of the Fidalgo

Complex (e.g. Guemes Island) as well as the rocks within the metasedimentary (Shuksan?)
package, D4 is interpreted to represent the juxtaposition of these two units, and should
therefore be the regional thrust event described by Brandon and others (1988). Most early
(Stage I) faults, as well as the earliest motion along Fault Zone A are probably expressions of
this event. Although it is possibly rotated or folded. Fault Zone A is generally parallel to the
other (folded) San Juan terrane-bounding thrusts that occur to the north and west of this area,
and which are described by Brandon and others (1988; 1991; 1994). However, slip vectors
along Fault Zone A were very mixed and indicative of both southwest and north vergence,
suggesting later reactivation. If this thrusting is correlative with the main San Juan (and
NWCS) thrust event, then it should be Late Cretaceous (84-96 Ma) in age (Brown, 1987;
Brandon and others, 1988). This event might be reflected in the Ar-loss episode that was
evident in all three of the Ar/Ar age spectra, and which appeared to be Late Cretaceous or
younger.
DS;

The relative timing of this “event” as well as the overall kinematics of

subvertical shortening suggest that D5 may be related to uplift, but there are no previous
descriptions of regional structures that include an extensional phase of faulting. However, the
bulk subvertical thinning that the normal faults accommodate does appear to be kinematically
compatible and might be continuous with the ductile thinning flow field that Feehan and
Brandon (1999) have described in relation to uplift.
post-Ds:

The late strike-slip structures that were observed in this study area are

generally consistent with the high-angle faults and upright folds that have been previously
reported from within the San Juan thrust system (Brandon and others, 1988; Carroll, 1980;
Garver, 1988) as well as the Northwest Cascades system (Brown, 1987). Most regional late
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folding has been previously reported to be about northwest-trending axes, and the regional
changes in average cleavage orientation in this area (see next section) are also strongly
suggestive of km-scale regional folding about a southwest-plunging axis. Since the nearby
Chuckanut Formation is also folded about northwest axes, these regional folds must be postEocene in age.
However, it is important to note that in spite of map-scale evidence for NW-SE folds,
all outcrop and map-scale late (post-cleavage) folds in this study area were east- and west- to
southwest-plunging. This implies that there may be more than one generation of late
folds.The east-west trending folds are broadly consistent with the modem N-S shortening
direction, which is indicated by earthquake focal mechanisms and active faulting (Ludwin and
others, 1991; Roberts, 1999). It is therefore possible that the east-west trending folds may be
very recent.
Summary and conclusions.

In both studies involving metasedimentary rocks of the

Decatur terrane as it was previously defined, Garver (1998) and Carroll (1980) found
evidence for early deformation that appears to predate at least one well-defined foliation, as
well as evidence for post-cleavage disruption by late, high-angle (strike-slip) faulting. They
also found evidence for late open folding about axes that are north- to northwest-trending.
Although this study describes evidence for several more events, there are broad similarities
between previous work and the deformational history outlined in Table 11. There are many
similarities in particular between Carroll's sequence of events for Lummi and Eliza Islands,
and that which was determined in this study for Jack and Eliza Islands. However, recent work
by Blake and others (2000) now assigns Lummi Island to the newly defined Pi-she-la-qem
terrane (primarily on the basis of a different geochemistry and high-pressure metamorphic
minerals), and Eliza Island is assigned herein to the westernmost Shuksan Suite. This suggests
that there may be some structural similarities between the Shuksan and the newly defined Pishe-la-qem terrane of Blake and others (2000).
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STRUCTURAL HETEROGENEITY OF THE METASEDIMENTARY ROCKS

One primary purpose of this study was to address the structural heterogeneity that
occurs within the easternmost San Juan Islands. Because Blake and others (2000) now
propose that the eastern San Juan Islands may actually consist of several separate terranes, this
may help to explain the differences in metamorphism between the Fidalgo Complex and the
Lummi Group of Garver (1928). However, this thesis proposes that although the
metasedimentary rocks within this study area are separate from the Decatur, they should still
consist of a single package and are possibly equivalent to the westernmost Shuksan Suite
(based primarily on their apparent metamorphic age.) If this correlation is correct, then the
metasedimentary rocks remain quite heterogeneous because there is a very pronounced
change in textural reconstitution, fabric development, and structural orientation that occurs
within the study area.

Changes in textural reconstitution

Although the intensity of fabric development is quite variable within the easternmost
San Juan Islands, Figure 92 suggests that there is an overall pattern of increasing textural
reconstitution to the east and south. Reconnaissance (this study; Figure 92) also suggests that
this trend may continue eastward to south Chuckanut Mountain, at least from Samish Island
(TZ 2B+/3A-) to Pigeon Point (TZ 3A).
Although textural zones are fairly consistent on a geographic basis, there are similar
general trends that were observed within a number of islands (Figure 92). An overall
southward-increasing textural reconstitution (TZ 2A to TZ 2B) was observed on Eliza Island,
whereas there is an apparent southeastward increase of textural reconstitution
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Figure 92. Regional map showing textural reconstitution for the eastern San Juan Islands.
Assignment of textural zones for this study follows the criteria outlined in Jayko and Blake
(1986). Line A-A’ indicates transect and projected locations in schematic cross-section across
inferred textural zone boundaries, shown in Figure 93. Rocks of the nearby Pi-she-la-qem
terrane of Blake and others (2000) are not included in transect.
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(TZ 2B+ to TZ 3A-) on Samish Island. In his study of Lummi Island, Carroll (1980) also
describes a very general north-to-south and east-to-west increase of cleavage intensity.
Although the westward-increasing trend that Carroll (1980) observed on Lummi Island is an
exception to the patterns thus far observed elsewhere in this area, his southward-increasing
intensity of cleavage development does parallel that which was observed in this study for Eliza
Island.
Overall, the pattern of increasing textural reconstitution within the easternmost San
Juan Islands suggests increasing strain from west to east and from north to south, and these
general trends may be occurring within the individual islands and/or terranes, as well as across
terrane boundaries. In some cases these trends might point to the location of major fault
zones, which are hidden under water or glacial deposits. However, there are other localized
zones of increasing reconstitution which were observed to occur where no major fault zone is
nearby (this study; also Carroll, 1980), and this indicates that other factors may be operative.
Most likely, the increase in textural reconstitution is evidence of increasing structural
depth, as it has been attributed elsewhere (e.g. Jayko and others, 1986; Cooper and Norris,
1996). The change in textural reconstitution on Figure 92 suggests that in this study area,
«

structural depth increases to the southeast. However, the overall structural stacking within the
San Juans is considered to be shallowing from northwest to southeast (Brandon and others,
1988; see Figure 3). The southeast-increasing reconstitution in this area therefore requires
that if the metasedimentary rocks are to consist of a single package, then this package must be
internally imbricated and structurally inverted.
Figure 93 is a schematic cross-section from northwest to southeast, following the trend
of increasing textural zones that were observed within the study area. This cross-section shows
that the older, previously deeper levels (TZ 2B+ to TZ 3A; 154 Ma?) in the southeast may be
structurally above younger and previously shallower levels (TZ 2A toTZ
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2B; 137 Ma?) that occur in the northwest. Very similar patterns of structural inversion have
been observed and reported from within many other subduction complexes, e.g. the
Franciscan Complex (Jayko and others, 1986), Japan (Banno, 1986), and New Zealand
(Mortimer; 1993; Cooper and Norris, 1996), and are generally attributed to the progressive
slivering of a once-coherent metasedimentary package as it undergoes subduction.

Changes in fabric development

Although the rocks of Jack, Eliza, and Samish Islands are considered in this thesis to
be probably correlative (based on their similarities in lithology, geochemistry, metamorphic
minerals, and Late Jurassic - Early Cretaceous metamorphic ages), the variation in mechanism
and generations of fabric development remain a problem. As described in Table 10, the
multiple fabrics that were observed on Samish Island (and particularly the strong, lineated,
early recrystallized fabric) are in sharp contrast to the significantly less reconstituted, single
pressure-solution fabrics that were observed on Jack and Eliza Islands.
These differences in fabric development are consistent with the model shown on
Figure 93, because it may be that the islands are from separate levels of a single lithotectonic
unit. Samish Island may represent rocks from a deeper level of this package, which now lies
structurally on top of the lower-grade, less recrystallized rocks of Jack and Eliza Islands. The
rocks at Pigeon Point could possibly represent an even more recrystallized (but otherwise
equivalent) lithology that was originally deepest in the stack. The additional fabric(s) on
Samish Island and within the Darrington Phyllite reflect more strain and a longer history of
ductile deformation, and this may be due to their original location deeper in the accretionary
wedge. Very similar observations of "extra" phases of deformation at deeper structural levels
relative to shallow levels have been well documented within the Haast Schist of New Zealand
(Mortimer, 1993; Cooper and Norris, 1996).
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The apparent younging of metamorphic age from Samish (-154 Ma) to Eliza Island
(-137 Ma) is particularly interesting and would require further testing, because this

At/At

data suggests the metamorphic age may also increase upward within the stack. This outboard
younging of metamorphism is identical to what has been observed in many other subduction
complexes elsewhere (Banno, 1986; Jayko and others, 1986; Mortimer, 1993), and is
consistent with the idea that this broadly equivalent metasedimentary package may be
internally slivered and structurally inverted. However, these Ar/Ar dates are so limited that a
much larger dataset of metamorphic ages from elsewhere in the eastern San Juan Islands (and
western Shuksan) would be necessary to test this hypothesis.

Orientation of fabrics and relation to regional folding

Figure 94 shows the average foliation attitudes for the study area, combined with
previously published structural data from Lummi Island, Viti Rocks, and Sinclair Islands
(Carroll, 1980), unpublished structural data of M.C. Blake, Jr. and D.C. Engebretson (pers.
comm., 2000) for north Cypress Island and north Cone Islands, and reconnaissance mapping
from Cap Sante and Pigeon Point (this study). The orientation of the main fabric is variable
within the study area, but it is predominantly south-dipping (Figure 94). Attitudes range from
shallowly NE-dipping (Sj on northern Eliza Island) to shallowly SW-dipping (Si on Jack
Island) to steeply south-dipping (Si on Samish Island). Foliation is also steeply SW-dipping
on Guemes Island, although was been noted that some of the foliations that were measured
here may be unrelated to the cleavage of the metasedimentary package. Overall, the mapped
pattern of foliation attitudes shows a pattern that is suggestive of a km-scale southeastplunging antiform transecting the study area.
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Figure 94. Regional map showing average foliation attitudes, cleavage-related fold axes,
observed post-cleavage fold axes, and inferred regional folding. Foliation attitudes on this map
include; (1) average poles that were derived from contoured stereoplots of measured cleavage
(this study); (2) average poles to foliation reported by Carroll (1980) for Lummi Island, Viti
Rocks, and Sinclair Island, and (3) single (but probably representative) foliation attitudes that
were measured by Blake (pers.comm.) on north Cone and Cypress Islands, and in reconnaissance
at Cap Sante and Pigeon Point (this study).

207

A similarly oriented southeast-plunging antiformal fold axis is also shown on previous
regional mapping by Brandon and others (1988; see Figure 5).
Regional late folds. The pole to a best-fit great circle of average poles to foliation for

most of the mapped area (Figure 94) indicates an overall fold axis that is shallowly southeastplunging. This direction is nearly parallel to the previously documented Tertiary fold axes
for the Chuckanut Formation to the east, as well as regional folds of San Juan thrust system to
the west (Johnson, 1986; Brandon and others, 1988). However, the poles to foliation at Pigeon
Point (Si), Cap Sante (Si), and both of the average mapped foliations for Samish Island (Si,
S3) are distinctly off this great circle. The reason for this dramatic change is unclear, but it
suggests subsequent folding or block rotation.
There must be at least two separate generations of post-cleavage folding, because the
inferred regional southeast-plunging folding is clearly not parallel to the consistently eastwest trending late folds of cleavage that were observed within the study area (see “post-D5”
on Table 11). These shallow east- and west-plunging open folds are outcrop-scale on Jack
and Eliza Islands (Figures 36 and 56), but were also large-scale enough to produce a fairly
systematic north-to-south change in cleavage orientation on Eliza Island (Figure 48), and
possibly on Samish Island as well (Figures 66 and 67). Because all three islands consistently
exhibit this stage and direction of folding, it is hypothesized that the east-west trending folds
may occur on a larger, more regional scale as well.
These factors serve to complicate any regional interpretations of late folding because
at least in this study area, the two sets of post-cleavage fold axes are at relatively high angles
to one another. Although their age relations are not directly observable, the general
parallelism of the east-west fold axes across the inferred regional antiform on Figure 94 does
suggest that the inferred southeast-trending fold axis may be the older of these two
generations. If the east-west trending folds are younger, this would also be consistent with the
N-S shortening direction that is indicated by modem seismicity (Ludwin and others, 1991;
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Roberts, 1999) . However, a larger study of cleavage orientations for the San Juan Islands
would be necessary to test this hypothesis.
Possibility of block rotations. The overall orientations and post-cleavage brittle

structures were generally very consistent within each island, but the kinematic correlation of
similar structures from island to island was rather poor (see Table 11) and the island-to-island
variability of derived kinematic axes raises the possibility that each of the islands may
represent individually fault-bounded and/or rotated blocks. The observed structural domains
on Samish Island (in which relative orientations of S1/S2 and S3 change abruptly across
visible and inferred faults) particularly suggest that late faulting and/or block rotations may
be another important cause of regional changes in foliation attitudes.
Recent paleomagnetic work by Burmester and others (2000) is also very suggestive of
local block rotation, because their study shows remanent magnetic directions that are very
well-clustered within geographic domains and even across some faults (generally, on an
island-to-island basis). However, the magnetic directions are strongly dispersed on a more
regional basis, and the scatter of these directions persisted even after unfolding. Earlier work
by Bogue and others (1989) has also indicated possible pre-folding remanence within the
James Island Formation, with evidence for large-scale block rotation. Carroll’s (1980) study
of Lummi Island also discussed the possibility of local rotation, due to the significant change
he found in cleavage orientation from Lummi to Eliza Island, and an even more pronounced
change from Lummi Island to Viti Rocks which lie to the west (see Figure 94). Because of
these changes, Carroll concluded that each of these islands may represent fault-bounded
blocks, although the faults are probably covered by water. He also proposed that some postkinking rotation must have occurred between Eliza and Lummi Islands, based on their
differences in kink-derived stress fields.
Unfortunately, the large expanses of water and the limited distribution of exposures in
this study area make it difficult to prove the existence of either regional folds or rotated
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blocks. This study finds some evidence for both. However, the very abrupt change in cleavage
from Viti Rocks to Lummi Island suggests that if a regional antiformal axis does pass between
these areas, it must be faulted along its hinge. In any case, if block rotation has occurred, the
correlation of structures shown in Table 11 suggests that it probably predates at least the eastwest folding.

Regional cross-section and proposed stacking of terranes

Figure 95 shows a schematic cross-section across the inferred regional southeastplunging antiform. This cross-section also reveals a possible order of terrane stacking for the
study area. In this interpretation, the Fidalgo Complex (Guemes Island and vicinity)
structurally overlies the metasedimentary Shuksan(?) package that makes up Jack, Eliza, and
Samish Islands. This model proposes that they are separated by Fault Zone A, and both
packages are underlain by the newly defined Pi-she-la-qem terrane of Blake and others
(2000) which is exposed on Sinclair, Vendovi, and Lummi Islands. Although central Lummi
Island is not included on this cross-section, it is notable that rocks of the Fidalgo Complex
occur here as well, primarily north of the main fault zone shown on Figure 5. This invites the
broad speculation that Fault Zone A may occur on Lummi Island as well, so that it follows the
NE-dipping limb of the large-scale regional antiform.
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RELA TIONSHIP OF EASTERN SAN JUANS TO NWCS

This thesis interprets the metasedimentary rocks that are exposed in this study area to
be lithologically correlative and texturally transitional into the westernmost Shuksan Suite, as
it is defined by Gallagher (1986; Gallagher and others, 1988) to occur on south Chuckanut
Mountain. If the correlation of the variably reconstituted rocks of Jack, Eliza, and Samish
Islands is correct, then the results of this study imply that a less recrystallized equivalent of
Shuksan-type rocks may occur much further to the west than has been previously reported.
Considering the general pattern of previously mapped regional folds within the San Juan
thrust system (Brandon and others, 1988; see Figure 2), the possibility exists that similar
(Shuksan-equivalent?) rocks may occur elsewhere within the San Juans as well.
In this study area, the metasedimentary (Shuksan?) package appears to be structurally
beneath the Fidalgo Complex and structurally above the newly defined Pi-she-la-qem terrane
of Blake and others (2000; see Figure 95). This structural stacking supports the interpretation
by Whetten and others (1980; also Tabor, 1994) that the igneous rocks of the Decatur terrane
are structorally above the Shuksan, and that they are separated by the Haystack fault. This
structural stacking also implies that if similar Shuksan-type rocks do occur elsewhere within
the San Juans, they should occur between the relatively unmetamorphosed rocks of the
Fidalgo Complex and those of the younger “internal” San Juan terranes that have
experienced high-pressure metamorphism. Because one distinguishing characteristic of these
rocks appears to be the age of the fabric, further

At/At

dating of metamorphic fabrics from

elsewhere in the eastern San Juans (particularly on Lummi Island) might be an important tool
for determining the true extent of this metasedimentary (Shuksan-equivalent?) package.
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ORIGIN OF REGIONAL FABRIC

There has been significant disagreement in the past about the mechanism of formation for the
widespread fabric in the San Juan Islands, and its relation to the main Late Cretaceous thrust
event. Based on their observations of abundant stretching lineations and asymmetric fault
fabrics, Maekawa and Brown (1991; 1998) concluded that the foliation development and
coeval high-pressure metamorphism formed during a noncoaxial NW-vergent thrust event.
Brandon and others (1998; 1998; 1994; also Feehan and Brandon, 1999) have concluded
that the widespread fabric (the "solution mass transfer" or SMT fabric of their terminology)
formed as a regional overprint, due to structural burial (and coaxial strain) that resulted from
the main thrust event. Their proposed chronology is: 1) thrusting and major slip; 2) static
high-pressure metamorphism, possibly due to burial; and 3) development of a regional SMT
cleavage overprint. Although this study area does not include the specific fault zones of the
previous discussions, there are several observations that might be relevant to these discussions
about the regional cleavage-forming mechanism and relative timing of events.
Mechanism of cleavage development. There was abundant evidence within the study

area for pressure solution as a primary mechanism of formation of the main cleavage,
although this mechanism appears to form the main cleavage only within the less recrystallized
rocks of Eliza and Jack Island (see Table 10). In general, the character of these fabrics is very
similar to the SMT fabric described by Brandon and others (1988; 1998; 1993), and which is
detailed in microtextural strain analysis of Feehan and Brandon (1999). Most of the fabrics
within this study area were symmetric and involved only apparent flattening, and show
virtually no evidence for shear and/or rotation related to the cleavage. Although there is a
mineral stretching lineation that is apparent on the Si fabric of Samish Island, this lineation is
generally not apparent within the lower-strain rocks of Eliza and Jack Island (TZ 2A to 2B).
These general observations suggest that at least on Eliza and Jack, the cleavage does not
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appear to have been formed by shear, unless any asymmetric fabrics are concentrated along
unexposed faults. The critical difference is that although the mica dates from Eliza are
inconclusive, it appears that the well-developed pressure solution fabric in this area predates
the Late Cretaceous thrust event and therefore must predate the SMT fabric described by
Brandon and others (1988; 1998; 1994) and Feehan and Brandon (1999). As described in
the previous section, it is possible that similar rocks (with older, inherited fabrics) may occur
elsewhere in the San Juan Islands.
It is also difficult to say whether the foliation that was observed and measured near
Fault Zone A on Guemes Island is actually of the same generation as the ductile fabrics of
Jack, Eliza, and Samish, but considering the regional correlations and general lack of a
deformational fabric on Guemes, it is doubtful. Overall, it appears that at least some of the
fabrics observed on Guemes Island (see Figures 7a, 16, 17, and 18b) might be cataclastic
fabrics related to faulting, rather than to folding and/or pressure solution. The dispersed
cleavage attitudes along Fault Zone A (Figure 14), as well as the large-scale drag of cleavage
suggested by Figure 15 also suggest that there may be some inherited fabrics present here as
well. Overall, the observations within this study area suggest that multiple foliations of
different ages may be present, and this might be the case elsewhere in the San Juans as well.
Relation of cleavage to faulting. There was an overall similarity between the

orientation of the main cleavage and the orientation of many of the early (Stage I/II) faults,
and this nearly parallel relationship of faults and cleavage was observed on every island.
However, these cleavage-parallel (or nearly cleavage-parallel) faults and their associated veins
were consistently found to disrupt the main cleavage, and therefore postdate the main fabric.
This indicates that in this area, some of the main San Juan thrusting may have been
preferentially oriented along pre-existing foliations.
Relation of cleavage to metamorphism. Many of the metamorphic minerals in this

study area were found in highly deformed and folded veins that appear to predate the main
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cleavage. If the cleavage predates thrusting in this area, some of the metamorphic minerals in
this study area must therefore predate the main thrust event. There are also widespread,
relatively undeformed prehnite- and calcite-bearing veins that were observed on Guemes
Island (Fidalgo Complex), as well as within the metagraywacke package. This suggests that
these veins formed after juxtaposition of the two units, and would therefore postdate the main
thrust event. The implication of this is that like the cleavage, there may actually be more than
one "event" of metamorphism present in these rocks. This possibility might also help to
explain the earlier disagreements about the relative timing of high-pressure metamorphism
and faulting.
Mixed kinematics of early faults and evidence of reactivation. The wide variety of

fault orientations observed in this area and their diverse kinematics indicate a very
complicated brittle stress regime. This must be the case along the main terrane-bounding
faults as well, and the possibility for multiple phases of faulting must complicate any
interpretations of the kinematics associated with original nappe emplacement. The
preliminary observations of this study suggest that at least some of the Stage I/II (cleavageparallel) faults and veins may be related to the main Late Cretaceous thrust event. However,
these faults as a group were very difficult to constrain due to their mixed kinematics, and
many appear to be reactivated. A more detailed study of the Stage I/II early faults (and also
their associated veins) would be very important, to see if their kinematic history and
associated metamorphic conditions could be better distinguished from later structures and/or
those that might be reactivated. The multiple phases of faulting observed in this area suggest
that reactivation along the original terrane-bounding faults is a strong possibility, and this
may have occurred elsewhere in the San Juans as well.
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Section IV: CONCLUSIONS

Lithologic Correlations. The relatively unmetamorphosed and undeformed ultramafic

and plutonic rocks of the study area are probably correlative with the Fidalgo Igneous
Complex of Brown (1977) and the Decatur terrane of Whetten and others (1978). However,
the highly deformed and well-foliated metasedimentary rocks that are exposed on Jack, Eliza,
and Samish Islands appear to be unrelated to the Decatur terrane. Based on their overall
similarities in lithology, geochemistry, metamorphic minerals, as well as the presence of at
least one penetrative deformational fabric, the metasedimentary rocks are all interpreted to
form part of a single terrane. The Fidalgo Igneous Complex appears to be separated from the
metasedimentary package by a major fault zone that follows the northeast shoreline of
Guemes Island.
ArlAr ages of metamorphic fabric. At/At ages of white mica separates from the

metasedimentary rocks indicate that the deformational fabric is probably Late Jurassic to
Early Cretaceous in age. The main fabric (SI) on Samish Island is 153.7 +/- 1.1 Ma, and the
main fabric (SI) on Eliza Island appears to be broadly similar though somewhat younger in
age (136.9 +/- 2.2 Ma). These

At/At

dates indicate that the foliation was probably formed

prior to the development of the San Juan thrust system, which is thought to have occurred
during the Late Cretaceous (Brandon and others, 1988).
Based on the apparent age of the fabric, the metasedimentary rocks in this study area
are tentatively assigned to the westernmost Shuksan Suite of the NWCS, as it has been
previously defined by Gallagher (1986) and Gallagher and others (1988). However, the
difference between these two ages (16.8 +/- 6.6 m.y.) is significant, and suggests a possible
younging of the metamorphic fabric from southeast to northwest. At least one episode of Ar
loss was apparent in all three samples, and it is possible that this might be related to the Late
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Cretaceous San Juan thrust event. However, the exact age and nature of any Ar loss event(s)
were not well constrained by this data.
Heterogeneity of fabric development. Although the metasedimentary rocks are very

similar in most respects (e.g. lithology, geochemistry, metamorphic minerals, as well as the
apparent age of the metamorphic fabric), there are significant differences in fabric
development. Textural zones within the study area range from TZ 2A to TZ 3A-, and appear
to generally increase to the southeast, down the plunge of an inferred regional antiform. The
number of mappable foliations also increases to the south and east (from one to three) and
the mechanism of foliation development changes from pressure solution to metamorphic
recrystallization and mineral segregation.
These important differences indicate that although the metasedimentary rocks may
represent a single terrane, they are probably from different structural levels. The presence of
a regional southeast-plunging antiform implies that the most recrystallized rocks from the
deepest levels (Samish Island) are now structurally above the less recrystallized rocks from
shallower levels (Eliza and Jack Islands). Internal imbrication and structural inversion of a
once-coherent stack is a proposed mechanism to explain this pattern.
Deformation History. The inferred deformation history for this study area is as

follows: (1) ductile deformation and cleavage development (137-154 Ma) ; (2) thrusting (8496 Ma) and juxtaposition of the Fidalgo Complex with the metasedimenttuy package
(Shuksan Suite?); (3) extensional faulting, which is possibly related to uplift; (4) strike-slip
faulting and regional (Tertiary?) folding about NW-SE axes; (5) recent folding about E-W
axes. However, there is also evidence in this study area for multiple foliations, multiple phases
of faulting, as well as possibly multiple stages of metamorphism. This complexity requires
that the precise kinematics and relative timing of many of these events (particularly the
earliest events) must remain a problem for further study.
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Regional implications. The occurrence of Late Jurassic to Early Cretaceous fabric(s)

and pre-thrusting ductile deformation within this study area implies that part of the Shuksan
Suite may be present within the San Juan Islands. The fact that these rocks are so variably
recrystallized may present a difficulty for defining the actual terrane boundaries, but they do
appear in this area to be structurally beneath the Fidalgo Igneous Complex and above the
other San Juan units. This supports the original interpretation by Whetten and others (1978)
that the igneous rocks of the Decatur terrane are structurally above the Shuksan Suite, and
this also implies that they are probably separated by the Haystack thrust (Tabor, 1994) rather
than the Shuksan thrust.
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APPENDIX A. Sample locations
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Figure A-1. Map showing sample locations for southeast Guemes Island and vicinity.
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JACK

ISLAND

Figure A-2. Map showing sample locations for Jack Island.
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Figure A-3. Map showing sample locations for Eliza Island.
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(Williams Point)

SAMISH ISLAND

Figure A-4. Map showing sample locations for northern Samish Island.
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Appendix C. (cont.) Ar/Ar step-heating results
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